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 Abstract 
Diatoms are powerful bioindicators, as each species has a specific tolerance for 
environmental variables, they are abundant in aquatic ecosystems and they respond 
rapidly to change. The use of diatoms as bioindicators is widespread especially in streams, 
rivers and natural lakes and is increasing in reservoirs. Typically, diatoms utilised in 
streams and rivers for biomonitoring consist of living benthic communities attached to 
rocks, while in lakes and reservoirs diatoms collected from the sediments consist of 
senescent planktonic diatom that have settled out of the water column. The development 
of diatoms as indicators in reservoirs can be problematic due to the complex hydrology 
and higher rates of sedimentation associated with these systems. Despite these 
challenges the use of diatoms in reservoir environments to develop transfer functions to 
infer historical changes in water quality is increasing. The development of regional 
datasets is important, as using indicators or transfer functions that have been developed in 
other areas to quantify changes in water quality does not provide accurate results. 
 
The aim of this thesis was to develop diatoms as bioindicators of water quality in 
freshwater reservoirs of subtropical south east Queensland (SEQ), to complement the 
traditional water quality monitoring across different sites. This will provide understanding of 
environmental drivers of diatom assemblages in this region. The diatom assemblages of 
reservoirs in this region have not been investigated to date and this study will provide the 
first investigation into their biological diversity and the water quality histories of the 
reservoirs.  
 
This study was undertaken in drinking water reservoirs of subtropical south east 
Queensland, Australia. Spatial variability of the sediment surface diatom assemblage was 
investigated in the Lake Wivenhoe, the largest reservoir of the region which supplies over 
two million people with drinking water. The diatom assemblage of surface sediments was 
found to vary spatially within a reservoir and aligned with zonation that is typical of 
reservoir environment, lacustrine, transition and riverine. Three groups of diatoms 
characterised the reservoir, taxa reported as cosmopolitan were found throughout, higher 
abundances of planktonic taxa were observed in the lacustrine zone and benthic taxa were 
reported in the riverine zone.  
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Sediment samples were collected from 15 reservoirs in south east Queensland. The 
diatom assemblage and corresponding water quality parameters from each site were used 
to develop transfer functions specific for the region. Robust models were developed using 
weighted averaging partial least squares for conductivity and total phosphorus. The 
optimum and tolerances of these parameters are reported for 116 diatom taxa.  
 
Early in 2011, the largest rainfall on record took place in the Wivenhoe dam catchment 
which resulted in an extreme inflow into the reservoir. One core had been taken in October 
2010 to determine historic changes in the diatom assemblage. Following the 2011 event 
another core was collected to assess the effect an extreme inflow had on the sediment 
record of the reservoir. Analysis of the cores revealed the impact that a high magnitude 
event has on the sediment record of a reservoir, with both the diatom assemblage and 
210Pb profiles impacted. The diatom assemblage and 210Pb profile prior to the extreme 
inflow would have been insightful for reconstructing past water quality conditions and 
estimating sedimentation rates. However, following the inflow, diatom and 210Pb analysis 
should be undertaken carefully to account for the disruption to the upper sections of the 
sediment record caused by the extreme inflow. 
 
The construction of a new dam, Wyaralong, in SEQ provided the unique opportunity to 
assess the diatom assemblage as the environment changed from a stream to reservoir. 
Construction was completed in December 2010 and the reservoir filled within a month. A 
clear shift in the diatom assemblage from benthic to planktonic following infilling is seen. 
Additionally the collection and assessment of the sediment core provides an estimation of 
the sedimentation rate in this reservoir. 
 
Sediment diatom communities of freshwater reservoirs in south east Queensland are 
suitable for use as bioindicators of water quality parameters, in particular conductivity and 
total phosphorus. This work also provides a low cost estimation for rates of sedimentation. 
The transfer functions developed in this study provide a powerful and cost effective tool or 
inferring historic water quality, to be used cautiously in reservoirs known to have been 
impacted by large inflow events, and provide a baseline for future work using sediment 
surface diatom assemblages. 
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 Chapter 1 – General introduction 
1.1 Reservoirs and factors affecting water quality  
Reservoirs are created for many purposes including water supply, river control and flood 
mitigation (Chapman 1996, Wetzel 2001, Shotbolt et al. 2005, Tundisi and Tundisi 2012). 
A reservoir is created by damming a river or stream and flooding the river valley, with the 
water held on the upstream side of the dam wall forming the reservoir (Wetzel 2001). The 
structure and material forming the dam wall varies between reservoirs as does the height 
and volume of water contained (Chapman 1996), however, all dam walls ultimately serve 
the same purpose; the storage of water. When a river is dammed to create a reservoir 
several environmental factors in the system change. The residence time of a reservoir is 
longer than the preceding stream or river (Bucci 2015), and generally the reservoir will also 
have higher water temperatures and decreased turbidity (Teodoru and Wehrli 2005).  
 
Changes to water quality in reservoirs occur over varied time scales and from natural 
processes and anthropogenic influences. Natural processes include seasonal fluctuations 
of nutrient levels, temperature, mixing and internal currents caused by wind (Davis and 
Koop 2006, Tundisi and Tundisi 2012). Anthropogenic influences include catchment 
condition and use, reservoir age and nutrient availability (Vaidya et al. 2007). Catchment 
condition and landuse can influence the amount of runoff (Zhang et al. 2004, Peel 2009), 
quantity of nutrients (Kleinman et al. 2006) and sediments that are transported into the 
reservoir during rainfall events. Rainfall and consequently catchment inflows can cause 
changes in water quality such as increased turbidity, reduced conductivity and increases in 
nutrient levels (Davis and Koop 2006). Just as rainfall can alter the water quality of a 
reservoir, drought conditions also have an effect. Turbidity decreases due to reduced 
inflow and increased residence time as the period of drought extends and nutrient inputs 
are generally limited to internal cycling processes as there is limited external sources 
(Mosley 2015).Internal cycling of nutrients in the water column and the exchange of 
nutrients at the sediment water interface, inflows from creeks and rivers (Davis and Koop 
2006) and atmospheric deposition all influence the nutrient availability of the reservoir 
(Lovett 2006). Surface area, depth and volume have also been shown to affect reservoir 
water chemistry (Burford et al. 2007). Phytoplankton succession in reservoirs has been 
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 linked to reservoir age (Holz et al. 1997) and is subject to seasonal variation (Calijuri et al. 
2002, Schneck et al. 2011, Popovskaya et al. 2012). 
 
The physical and chemical properties of a reservoir change over a longitudinal axis and 
three zones typically form; riverine, transition and lacustrine (Wetzel 2001). The riverine 
zone has higher turbidity than the rest of the reservoir, which reduces light penetration, 
water velocity will slow as it enters the reservoir (Wetzel 2001). The transition zone is 
deeper than the riverine and turbidity and conductivity will be lower. The lacustrine zone 
contains the deepest sections of the reservoir and has characteristics similar to a natural 
lake. The lacustrine zone thermally stratifies coinciding with the development of a 
thermocline during the summer (Fig. 1.1). During summer in reservoirs that have 
developed thermoclines, nutrients are released from the sediments which are brought to 
the surface waters when the thermocline breaks down in the winter months (Jones and 
Poplawski 1998, Davis and Koop 2006). Wind driven processes such as currents and 
resuspension of sediments in reservoirs can also cause the release of nutrients into the 
water column (Davis and Koop 2006). This will only occur if the sediment has a higher 
level of the specific nutrient than that of the water column (Scheffer 1998).  
 
 
Figure 1.1. Zones of a typical lake that can affect water quality conditions.  
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 1.2 Diatoms 
Diatoms are a dominant part of the phytoplankton community in freshwater and marine 
environments, contributing approximately 20% to the world net primary production 
(Armbrust, 2009). As a primary producer they are important as a food source for 
zooplankton and juvenile fish. Diatoms are also important in the global silica cycle (Raven 
and Giordano 2009) through the uptake and incorporation of silica into their cell wall and 
consequent return of silica to the sediments through sedimentation. Diatoms have many 
different life forms, and may form colonies, live individually epiphytically (on plants), 
epilithically (on rocks), episammically (attached to or on sand grains), epipelically (on the 
surface of sediments, silt or mud) or as part of the plankton (in the pelagic zone as part of 
the phytoplankton). Diverse life forms enable diatoms to exist in a wide variety of 
environments, even found on damp walls in caves (Poulickova and Hasler 2007). It is 
estimated that there are between 30,000 and 100,000 species of diatoms worldwide 
(Mann and Vanormelingen 2013). 
 
Diatoms are an incredibly diverse group of organisms that can tolerate a wide variety of 
environmental conditions, including acidification and eutrophication (Smol 2001). Diatoms 
have proven to be powerful indicators of environmental conditions with changes in species 
assemblages providing information on changes in environmental conditions (Zalat and 
Vildary 2005, Kupe et al. 2008, Reid and Ogden 2009). Each species has a specific 
tolerance to environmental parameters (e.g. nutrient concentrations, pH, conductivity), and 
hence species diversity and composition can provide a valuable insight to past ecological 
conditions. Quantifying the diatom assemblage in a reservoir can provide an integrated 
assessment of water quality and ecological health.  
 
The taxonomy of diatoms is traditionally based upon the structure and symmetry of the cell 
wall, although the use of DNA for identification is becoming more commonly used (Moniz 
and Kaczmarska 2009, Kermarrec et al. 2014). The cell wall of a diatom consists of a thin 
layer of organic material that overlies a silica layer. The organic layer is removed for 
identification, using a variety of methods (Battarbee et al. 2001). The removal of this 
coating reveals the underlying cell wall (frustule) made of silica (Round et al. 1990)(Fig 1.2 
A,B). The frustule consists of two valves, and girdle elements that link the two valves 
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 together. The valves and girdle elements are referred to collectively as frustules. The two 
valves are of similar size with one slightly smaller than the other. The larger is the older 
valve and called the epivalve, while the smaller younger valve is called the hypovalve (Fig 
1.2 C). Both valves are covered in pores (striae) that allow the passage of material in and 
out of the cell (Fig 1.2 D). These pores are arranged into species specific patterns. Diatom 
identification is based on the many features of these frustules including the striae density, 
location and shape of rimoportulae and the fultoportulae (Round et al. 1990, Smol 2001).  
 
 
Figure 1.2. Scanning electron micrographs of a single diatom cell, with the organic coating (A), and 
after the coating has been removed (B) to reveal the silica values. Girdle view of a centric diatom 
cell (C) showing hypovalve (1), girdle elements (2) and epivalve (3). Valve view of a diatom cell (D) 
showing striae (4), rimoportulae (5) and fultoportula (6). Scanning electron micrographs were taken 
by Deborah Gale, from Wivenhoe Dam (A), Baroon Pocket Dam (B, C) and Little Nerang Dam (D).  
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 1.3 Diatoms as bioindicators 
The use of bioindicators for aquatic ecosystem monitoring and assessment is common in 
the Northern Hemisphere but their use is still developing in the Southern Hemisphere. 
Diatom research in Australia to date has focussed on temperate regions and been 
conducted in marine and estuarine environments (Blinn and Bailey 2001b, Parr et al. 2004, 
Saunders and Taffs 2009, Grinham et al. 2011, Saunders 2011, Logan and Taffs 2013) 
and freshwater (rivers, lakes and reservoirs) systems (Chessman 1986, Chessman et al. 
1999, Tibby 2001, 2004, Chessman et al. 2007, Fluin et al. 2010, Tibby et al. 2010, 
Hembrow and Taffs 2012, Barr et al. 2013, Oeding and Taffs 2015). Chessman et al 
(2007) developed a diatom species index for Australian rivers (DSIAR) in south eastern 
Australian Rivers. Natural, unmodified lotic systems can have a high velocity of water, 
creating a different diatom community to that of a reservoir.  
 
Diatoms are valuable bioindicators as they are easy to collect and respond rapidly and 
predictably to environmental changes (Hill et al. 2001). In some Australian states (Victoria) 
bioindicators are being included in legislation to protect aquatic environments (Philibert et 
al. 2006). The United States Environmental Protection Agency has also incorporated the 
use of diatom indices for water quality in many regions, including the Great Lakes. Studies 
have also shown that differences between a baseline diatom community and subsequent 
diatom communities give a reliable assessment of changes in environmental conditions 
(Rimet et al. 2004).  
1.4 Diatom research in reservoirs 
Research on diatoms in reservoirs has not been as extensive as research conducted in 
lakes and rivers. A database search in Scopus early in 2015 of “diatom and reservoir” 
returns 640 documents, narrowing these results by searching within for “water” results in 
575 documents. In comparison, a database search of “diatom and lake” returns 5,010 
documents, and a search of “diatom and river or stream” returns 3,945 documents. 
Evaluation of the abstracts of the 575 documents returned when searching for “diatom and 
reservoir” and then within for water reveals that only 319 of these studies were undertaken 
solely in reservoir environments, with the remaining 255 documents being undertaken in a 
variety of environments including lakes, rivers, estuaries, and oceans. A wide time frame 
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 has been captured in these publications, with the earliest from 1950 and the most recent in 
2015, with the number of publications per year increasing from 1996 (Fig. 1.3) indicating 
that diatom research in reservoirs has been increasing for the last two decades. These 319 
publications cover a wide range of topics on various aspects of diatoms, including studies 
on silica (Conley et al. 2000, Znachor and Nedoma 2008), food webs (Scharf 2008), and 
morphology of individual diatom species (Genkal and Kiss 1993, Genkal 2012). There are 
numerous studies on spatial and/or temporal variability of phytoplankton (Marce et al. 
2007, Caputo et al. 2008, Moreno-Ostos et al. 2009, Rychtecky and Znachor 2011, 
Schneck et al. 2011, Menezes et al. 2013) as well more general composition of the 
phytoplankton assemblage (Fonseca and Bicudo 2008, Zhou et al. 2015). Observing 
changes in phytoplankton composition as a reservoir ages and shifts from diatom 
dominated to cyanobacteria dominated, in addition to determining trophic status from the 
phytoplankton community were also common themes of research.  
 
 
Figure 1.3. Published studies on diatoms in reservoir environments since 1950. An increase in 
published research can be seen from 1996 onwards.  
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 1.5 Development of transfer functions and inferring historic environmental 
conditions 
Inferring historic environmental conditions from sediment cores utilises the developed 
transfer functions. Diatom frustules can be preserved for thousands of years in the fossil 
record and used to reconstruct past water quality conditions.  
 
Transfer functions are often developed using sediment samples (Leira et al. 2009) and 
constructing two datasets; one modern dataset to develop the transfer function and the 
second, typically a sediment core, to infer historic conditions using the diatom assemblage 
(Potapova et al. 2004). Several different models have been used to develop transfer 
functions including weighted averaging (WA), weighted averaging partial least squares, 
(WA PLS) and maximum likelihood  (MaxLlhd). Errors are estimated during model 
development using cross validation (or jack knifing) (Davies et al. 2002, Tibby and Reid 
2004). The success of a transfer function is determined by the best (closest to 1) 
correlation (r2), lowest (closest to 0) root mean squared error (RMSE), best predicted 
correlation (r2p) and lowest root mean squared error of prediction (RMSEp).  
 
Transfer functions have been developed in several areas worldwide including Europe and 
North America (Fig 1.4A). Between 1983 and early 2015, 295 journal articles were 
published on diatom transfer functions worldwide. These transfer functions usually target a 
particular environmental parameter such as pH, temperature, conductivity and total 
phosphorus to determine a notable change in the specific parameter (Weckström et al. 
1997, Tibby and Reid 2004, Gell et al. 2005, Philibert et al. 2006, Saunders et al. 2009). 
The majority of transfer functions based in lake or reservoir environments have been 
developed for conductivity, pH and total phosphorus (Fig 1.4B). Transfer functions 
developed in Australia to date have focussed on temperate and/or estuarine regions. Many 
diatoms found in Australia are cosmopolitan and can be identified using internationally 
developed guides and keys (Krammer and Lange-Bertalot 1986, Krammer and Lange-
Bertalot 1988, 1991b, a, Gell et al. 1999, Sonneman et al. 2000), although there are some 
endemic species that these keys will not inventory (Mann and Droop 1996, Gell et al. 
1999).  
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Figure 1.4 (A) Locations of published articles on diatom transfer functions worldwide. (B) Location 
of published studies on diatom transfer functions in lake and reservoir environments. Coloured 
circles relate to different parameters that transfer functions were developed for, or inferred using 
transfer functions.  
 
Several studies have successfully collected sediment cores and inferred past 
environmental conditions using diatom assemblages in streams, wetlands, lakes and 
reservoirs (Anderson 1998, Ruhland and Smol 2002). Previous studies have been able to 
reconstruct dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and total 
nitrogen (TN) from quantifying diatom assemblages from sediment cores.  
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 1.6 South East Queensland  
1.6.1 Region 
South East Queensland, is part of the coastal region of Queensland Australia, and is 
defined as the region between Noosa in the north, the state border in the South and 
extends as far west as Toowoomba (Fig 1.5). South East Queensland (SEQ) has a sub-
tropical climate, receiving primarily summer rainfall in episodic events, with a long term 
(1900 – 2014) annual average of 1002 mm (Australian Bureau of Meteorology 2014). In 
the future the climate is predicted to have an increase in hot days, an increase in 
evaporation and uncertainty surrounding the frequency of rainfall, with more extreme 
events expected, (Grinham et al. 2012, Dowdy et al. 2015). The population of the region is 
actively increasing and currently supports approximately 3.4 million people. The geology 
consists of volcanics, coal measures, sandstones, conglomerates and alluvium and 
coastal sediments. Volcanic activity occurred in the area approximately 22-25 million years 
ago. Current land use covers a wide range from natural forest, to urban landscapes and to 
extensive agricultural areas. Historically the region experience widespread logging and 
agricultural uses.  
 
Figure 1.5 Location of south east Queensland is the shaded section between Noosa in the North, 
NSW in the south and Toowoomba in the west within Queensland, Australia. 
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 1.6.2 Reservoirs 
Within SEQ there are 26 reservoirs, 12 of which are primarily used for drinking water 
supply with the remaining 14 used for flood mitigation, irrigation and recreation. These 
reservoirs are spread throughout the region and vary in size, maximum depth, age and 
elevation. There are six major rivers in SEQ supporting the 26 reservoirs. The largest 
reservoir is Wivenhoe with a capacity of 1,165,238 ML and surface area of 107.5km2 and 
also has the largest catchment (7,020km2). The smallest reservoir is Nindooinbah (261 
ML) and is fed solely by rainfall. Age of the reservoirs varies with the oldest dam being 
built 149 years ago (Enoggera completed in 1866) and the most recent 4 years ago 
(Wyaralong completed in 2011). Catchment land use varies between reservoirs as does 
the amount of land that has been modified (7% to 90%). Drought conditions were 
experienced in the region between 2000 and 2007 with the water levels in all reservoirs 
decreasing to approximately 15%.  
1.6.3 Current and historical reservoir water quality monitoring  
All of the twenty-six freshwater reservoirs in south east Queensland (SEQ) are monitored 
on a regular basis for standard water quality parameters, with the reservoirs that supply 
drinking water sampled over a longer time period and on a more frequent basis. Of these 
reservoirs, only three (Wivenhoe, Somerset and North Pine) have historic monitoring that 
dates back to 1999, with some spatial representation of the storage. Another three (Little 
Nerang, Hinze and Baroon Pocket) have historic monitoring but only at the drinking water 
intake sites. The current methods and standards for monitoring water quality in reservoirs 
of SEQ are based on the Australian Drinking Water Guidelines (ADWG). Water quality 
monitoring to date has been focussed on a point in space and time approach, with 
instantaneous samples taken at set locations in each reservoir that is monitored. A sample 
from the top three meters of the water column is collected using a PVC pipe and bottom 
water is collected one meter from the bottom using a van Dorn sampler (Burford et al. 
2007). Typically samples are sent to a Australian National Association of Testing 
Authorities (NATA) accredited laboratory and analysed for total nitrogen (TN), total 
phosphorus (TP), nitrogen oxides, ammonia nitrogen, silica, filterable reactive phosphorus 
(FRP), chlorophyll a, algal counts, total suspended solids, true colour, total and dissolved 
iron and manganese. In situ measurements for water temperature, turbidity, conductivity, 
dissolved oxygen, redox potential and pH are taken using a multiparameter sonde (YSI 
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 6600). Secchi depth, is also recorded at each site. These methods are all described in the 
Seqwater Water Quality Sampling Manual and based on the Monitoring and Sampling 
manual 2009 (DEHP 2009).  
 
Water quality monitoring in SEQ reservoirs although routine is not necessarily consistent 
and complete. The routine monitoring has changed in frequency throughout its history 
occurring at best weekly and more often monthly. Access to sites can be restricted by 
unfavourable weather including droughts and floods, which at times prohibits sampling. 
Missing data as a result of site inaccessibility may be of importance when looking at long 
term trends or for hydrodynamic model development.  
 
Variations in water quality results may arise from differences in sampling technique 
between individuals. Problems may also arise from handling of the sample between 
collection and analysis. If the sample is not treated in a consistent manner, e.g. kept on ice 
and delivered to the laboratory in a specific time frame, the results may vary. Another 
source of variation arises from the use of the three meter integrated sampling tube. While 
it was designed to be able to compare the top three meters of each site over time, the 
conditions of the water column change over time. Changes in turbidity for example, will 
alter the depth of the photic zone causing the amount of this zone sampled to change over 
time and between sites. In very clear water only a proportion of the photic zone will have 
been sampled, while at more turbid sites it is possible that below the photic zone will be 
included in the sampling.  
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 1.7 Thesis aims 
The overall aim of the thesis was to investigate the effectiveness of diatoms as 
bioindicators of water quality in reservoir environments. This thesis aimed to increase the 
understanding of diatoms in subtropical reservoirs in south east Queensland, and assess 
their suitability to be used as bioindicators of water quality. For this three objectives arise: 
1. Determine if the sediment diatom assemblage varies spatially at the same scale as 
water quality parameters in a reservoir 
2. Determine if diatoms in reservoirs can be used as bioindicators by developing 
transfer functions 
3. Determine if key events in the reservoir are recorded by diatom  assemblages in 
sediment cores  
  
These objectives will be investigated in reservoirs of subtropical south east Queensland 
and will be addressed in chapters 2 – 5.   
 
Chapter 2. Objective 1 is addressed by assessing the diatom spatial variability of the 
largest reservoir in south east Queensland.  
 
Chapter 3. Surface sediment diatoms from 15 reservoirs are used to develop transfer 
functions for conductivity and total phosphorus in subtropical south east Queensland 
addressing objective 2. This provides water managers with an integrated tool for assessing 
long term changes in drinking water reservoirs. 
 
Chapter 4. Quantifies the effect of an extreme inflow on the sediment record in a reservoir 
by comparing two cores, one taken prior to and one after the inflow event, addressing 
objective 3.  
 
Chapter 5. The shift from benthic to planktonic diatoms in the sediment record following 
the completion of a new dam, Wyaralong, is determined addressing objective 3. 
 
Chapter 6. Thesis conclusions and discussion on the usefulness of diatoms as 
bioindicators in a reservoir environment.  
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 Chapter 2 - Longitudinal variation of water quality and sediment diatom 
assemblage in an Australian freshwater reservoir.  
2.1 Introduction 
Reservoirs are complex systems and differ from natural lakes. For example, reservoirs are 
typically younger than natural lakes (Straskrabova et al. 2005), and reservoirs are more 
likely to have large, irregular water fluctuations (Wetzel 2001) due to large natural inflows 
and controlled offtakes capable of reducing the volume quickly . Reservoirs typically form 
three zones, as the natural lotic system converts to a lentic system: riverine, transition and 
lacustrine (Wetzel 2001, Liu et al. 2012). Water quality varies between these three zones. 
Generally higher conductivity, turbidity and TOC is recorded in the riverine zones and 
decreases towards the lacustrine zone, while secchi depth is greatest in the lacustrine and 
decreases in the riverine zone (Wetzel 2001, Tundisi and Tundisi 2012). The location of 
the boundaries between each of the zones is not static, which can change seasonally and 
with fluctuations in water level (Nogueira et al. 1999, Shao et al. 2010). The location of the 
maximum depth area differs between a reservoir and a lake, in a reservoir is the deepest 
point is normally located at the dam wall close the intake, while in natural lakes the 
deepest point is often in the middle of the lake. Internal waves and wind driven mixing of 
the water column will produce uniform water in the shallower areas of the reservoir, 
however in the deeper lacustrine zone when the water column stratifies during summer 
differences in water quality in the epilimnion (surface waters) and hypolimnion (bottom 
waters) will occur (Serra et al. 2007). The physiochemical properties of a reservoir differ 
over temporal and spatial gradients. 
 
Water quality monitoring in reservoirs aims to assess temporal and spatial changes in 
physiochemical parameters (Smith et al. 1997) and determine long term trends. Reservoir 
water quality monitoring is typically conducted with the drinking water intakes which are 
often by the dam wall and is often only conducted at a few sites throughout the reservoir. 
The water in the deepest section of the reservoir, by the dam wall, may not be 
characteristic of the majority of water in the reservoir (Chapman 1996). Traditional 
physicochemical water quality monitoring is typically constrained by costs (Smith et al. 
1997). The frequency (e.g. daily, weekly, monthly, quarterly, yearly) at which the sampling 
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 takes place varies, and access to sites can be restricted by weather and water depth. 
Water quality monitoring captures single points in space and time (Resende et al. 2010), 
resulting in a limited understanding of the functioning of the entire reservoir. An increased 
understanding of reservoir water quality could be achieved by incorporating bioindicators 
(Bellinger and Sigee 2010).    
 
Diatoms are abundant in most freshwater environments (Sabater 2009)  and are sensitive 
indicators of ecological and chemical changes in lakes, streams and reservoirs (Reid et al. 
1995). Diatoms are frequently used as bioindicators of water quality in lakes and rivers 
(Battarbee et al. 2001, Resende et al. 2010) and are often used in South Africa, China, 
Japan, Europe and America (Watanabe et al. 1986, Weckström et al. 1997, Poulickova et 
al. 2004, Taylor 2007, Stevenson et al. 2008, Pignata et al. 2013). Diatoms have been 
found to have strong correlations with individual water quality parameters, for example 
conductivity (Tibby and Reid 2004), pH (Weckström et al. 1997, Cameron et al. 1999), TN 
(Akbulut and Dügel 2008),TP (Bradshaw and Anderson 2001, Reavie and Smol 2001, 
Kovacs et al. 2006) and Secchi depth (Akbulut and Dügel 2008), and been used to infer 
historic and long term changes in water quality. Changes in the planktonic diatom 
assemblages in Lake Geneva (Rimet 2009) were found to be a good indicator of trophic 
level by assessing long term (1974 – 2007) historic monitoring data, and epilithic diatom 
assemblages of the UI River in Portugal were good indicators of environmental 
degradation (Resende et al. 2010). Littoral diatom assemblages were used by Poulickova 
et al (2004) to estimate trophic status of lakes and found positive correlations with 
phosphorus, while Stevenson et al. (2008) used species traits of benthic diatoms to 
develop indicators of environmental conditions in streams. Spatial variation of sediment 
surface diatoms has been observed in Northern Hemisphere lakes (Owen and Crossley 
1992, Cawley et al. 2002, Pla et al. 2005, Adler and Hubener 2007), however, studies on 
spatial variability of diatom biodiversity in the Southern Hemisphere are limited.  
 
In the reservoir environment, diatom spatial diversity is not well studied (Borges et al. 
2008). Previous research in reservoirs on planktonic diatoms has investigated; seasonal 
variation (Borges et al. 2008) and temporal changes (Calijuri et al. 2002) in Brazil and 
Switzerland (Rimet 2009), spatial and temporal variation in the Czech Republic (Znachor 
and Nedoma 2008, Znachor et al. 2013) and Spain (Caputo et al. 2008, Moreno-Ostos et 
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 al. 2009). Moreno-Ostos et al (2009) found the longitudinal variation in the planktonic 
diatom assemblages was influenced by wind driven currents. While some studies have 
assessed planktonic diatom assemblages in reservoirs, an increased knowledge of 
regional spatial distribution of sediment surface diatoms within reservoirs is required to 
validate the use of diatoms as bioindicators in these environments and infer historic 
conditions. This study aimed to determine if the water quality and surface sediment diatom 
assemblages vary at the same spatial scale within a subtropical reservoir.  
2.2 Material and methods 
2.2.1 Study site information 
Wivenhoe Dam (27°23ʹS; 152°36ʹE) in south east Queensland (SEQ), Australia has a 
surface area of 107.5 km2 and an average depth of 15 m (Fig 2.1). Lake Wivenhoe is the 
third largest reservoir in Queensland, and the largest in SEQ. Its construction was 
completed in 1984, and it supplies over 2 million people with drinking water (Australian 
Bureau of Statistics 2013), in addition to providing flood mitigation to the city of Brisbane. 
The region has a sub-tropical climate, receiving primarily summer rainfall in episodic 
events, with a long term (1900 – 2014) annual average of 1002 mm (Australian Bureau of 
Meteorology 2014). Between 2000 and 2007 SEQ experienced drought conditions with the 
water level in Lake Wivenhoe dropping from 100% to 15%. The average annual rainfall 
during 2007 at Wivenhoe Dam was 516mm, however during the monitoring period no 
inflows were recorded. 
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Figure 2.1. Location of samples sites in Lake Wivenhoe. Outline shows full supply, shaded area 
shows level at time of sampling. * Denotes sites that have corresponding water quality data  
2.2.2 Water column sampling 
Routine monthly water quality monitoring by the managing authority, Seqwater, of the 
reservoir occurred at 11 sites (1, 6, 7, 11, 12, 13, 14, 16, 17, 18, and 20) (Figure 2.1) that 
cover all three zones of the reservoir. Monitoring was undertaken monthly between 
October 2006 and November 2007, with all sites decreasing in depth during this time due 
to drought conditions. Water samples were collected for analyses using an integrated 
three meter sample tube. Water samples for total nitrogen and phosphorus (TN, TP), total 
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 suspended solids (TSS), colour and total iron and manganese (TFe, TMn) were collected 
using reverse osmosis (RO) washed sample containers. Dissolved nutrient and metals 
samples were filtered with a 0.45 µm filter into RO washed containers and all samples 
were kept on ice and transported to the laboratory within four hours of collection. Water 
column profiles of physiochemical parameters (water temperature, pH, turbidity, specific 
conductivity, and dissolved oxygen) were obtained using a YSI 6600 sonde (YSI inc., 
Florida) at 1 m intervals. Secchi depth was recorded at each site.  
2.2.3 Sediment sampling 
Thirty sites in Lake Wivenhoe (Fig 2.1) were sampled for diatoms in December 2007 in a 
single intensive field survey at the completion of the water quality monitoring program. 
Sites were selected to include all zones of the reservoir. A greater number of diatom 
sampling sites were chosen to assess the extent of variation throughout the reservoir, i.e. 
if the areas between water quality sites varied from the sampling sites. Sediment samples 
were collected using a Van Veen sediment grab (Bernardez et al. 2008) and the surface 
layer of the sediment (1 cm) was stored in a 50 ml sample jar for diatom analysis. The top 
1 cm of sediment was collected to provide an integrated sample of the overlying water 
quality for the previous 12 month period. Water depth was recorded at the time of 
sediment sampling. 
2.2.4 Laboratory analysis 
All nutrient, metal, TSS and colour analysis were conducted at Queensland Health and 
Forensic Scientific Services laboratory which is accredited by the Australian National 
Association of Testing Authorities (NATA). TN, TP, filterable reactive phosphorus (FRP), 
ammonium (NH4), oxides of nitrogen (NOx) and organic carbon (total and dissolved) were 
analysed using standard colorimetric methods (APHA 1998). True colour was analysed 
spectrophotometrically and metals were analysed by inductively coupled plasma optical 
emission spectrometry (APHA 1998). Total suspended solids were calculated by dry mass 
retention on pre-weighed GFF filters (APHA 1998). 
 
Diatom samples were examined using a combination of light microscopy (LM) and 
scanning electron microscopy (SEM). Samples for light microscopy were prepared from 
sediment samples, following cold hydrogen peroxide digestion (Battarbee et al. 2001). 
17 
 
 Samples were then dried on coverslips and mounted on slides using a high refraction 
index medium (Naphrax©). Samples for SEM analysis were prepared as above and then 
dried onto stubs and coated with platinum for examination (Gibson et al. 1993).  
Diatoms were identified at 1000x magnification on a Nikon 80i light microscope using 
differential interference contrast.  A minimum of 400 valves (Rimet and Bouchez 2012) 
were counted for each site under light microscopy. Broken valves were included in the 
count only if the central area and one pole was present, to avoid double counting (Kelly et 
al. 2001). Scanning electron microscopy (JEOL 6400) was used for identification of small 
diatoms. Identification followed Australian (Foged 1978, Gell et al. 1999, Sonneman et al. 
2000) and international (Krammer and Lange-Bertalot 1991a, 2008a, b, Krammer and 
Lange-Bertalot 2010) guides. Individual diatom taxa that contributed 1% or more in at least 
one sample are included in analysis (Tibby et al. 2010). 
2.2.5 Statistical analysis 
Water quality parameter means were calculated from the twelve sampling events prior to 
sediment sampling (November 2006 to October 2007) and were used in statistical 
analysis. The top three meters of water temperature, pH, turbidity, specific conductivity, 
and dissolved oxygen were averaged, for each site using the twelve sampling events prior 
to sediment sampling.  
 
Multivariate analysis was performed using Primer 6 (Clarke and Gorley 2006) and 
CANOCO 5 (Ter Braak and Smilauer 2012). Zones were assigned to each site based on 
hydrodynamic modelling of the reservoir (Gibbes et al. 2009). Selected water quality data 
(TP, FRP, dissolved iron and dissolved manganese) were square root transformed to 
reduce skewedness and all data was normalised prior to analysis. Total iron, TOC, TSS 
were excluded from analysis due to strong linear correlation with turbidity, NH4 was 
strongly correlated with TN and was also excluded. The similarity of sites within each zone 
was analysed using canonical analysis of principal coordinates (CAP) on the Euclidean 
distance. A principle component analysis (PCA) was used to assess water quality 
parameters that were driving differences between sites.  
 
Diatom counts were standardised as relative abundance of total number of valves counted 
in each sample (Jüttner et al. 2010) and square root transformed prior to  analysis. A 
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 canonical analysis of principal coordinates (CAP) was undertaken using Bray Curtis 
similarity resemblance matrix in Primer 6 (Clarke and Gorley 2006) to determine suitability 
of assigned zones based on diatom assemblage. Leave one out cross validation tested the 
similarity of diatom assemblages at each site within each zone as part of the CAP 
analysis. A one way analysis of similarity percentages and species contribution (SIMPER) 
was used to determine the similarity of the diatom assemblages of each site within each 
zone (Clarke and Gorley 2006). Distance based redundancy analysis (dbRDA) was used 
to assess which water quality parameters were driving differences of the diatom 
assemblage between sites (Anderson et al. 2008). 
2.3 Results 
2.3.1 Water quality  
A gradient of water quality was observed moving from the dam wall to the upper reservoir, 
with increasing nutrient, carbon, turbidity, and TSS and a decline in Secchi depth (Table 
2.1). CAP analysis of all water quality parameters (Fig 2.2) shows three distinct site 
groupings, which correspond to lacustrine, transition and riverine reservoir zones. Leave 
one out cross validation had scores of 100% for the zones assigned to each site. 
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Figure 2.2. Canonical analysis of principal coordinates (CAP) for water quality at each site. 
Symbols represent zone. L – lacustrine, T – transition, R- riverine. 
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 Table 2.1. Mean water quality parameters from 11 sites over a 12 month period from November 2006 to October 2007. Shaded areas 
separate lacustrine (L), transition (T) and riverine (R) zones. 
Temp – temperature, Cond- specific conductivity, Turb – turbidity, TSS – total suspended solids, DO – dissolved oxygen, TOC – total organic carbon, 
DOC – dissolved organic carbon, TN – total nitrogen, NOx – nitrogen oxides, NH4+ - Ammonium, TP – total phosphorus, FRP – filterable reactive 
phosphorus, T Mn – total manganese, D Mn – dissolved manganese, T Fe – total Iron, D Fe – dissolved iron, ND – no data available 
Site Zone Secchi 
depth 
Temp Cond Turb TSS True 
Colour 
pH DO TOC DOC TN NOx NH4+ TP FRP T 
Mn 
D Mn T Fe D Fe 
  m °C µs/cm NTU mg/L HU  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
1 L 1.50 22.42 474 0.94 2.38 5.00 8.37 8.59 6.30 5.90 0.49 0.017 0.006 0.02 0.002 0.03 0.007 0.05 0.008 
6 L 1.13 22.30 476 1.69 3.56 5.58 8.43 8.89 6.37 5.75 0.52 0.014 0.006 0.02 0.002 0.03 0.007 0.07 0.008 
7 L 0.90 21.01 475 3.66 5.67 5.00 8.37 8.70 6.73 5.89 0.53 0.007 0.006 0.03 0.002 0.05 0.007 0.14 0.008 
11 L 1.11 22.34 485 2.98 5.00 5.85 8.35 8.40 6.86 5.90 0.58 0.046 0.009 0.03 0.002 0.05 0.007 0.11 0.008 
12 T 1.08 22.31 484 2.16 5.25 5.64 8.43 8.47 6.72 6.00 0.62 0.055 0.015 0.03 0.003 0.05 0.008 0.10 0.008 
13 T 0.55 22.59 491 7.15 8.65 7.30 8.50 8.84 7.30 6.32 0.67 0.043 0.020 0.03 0.003 0.05 0.009 0.20 0.008 
14 T 0.48 22.15 503 8.62 12.33 8.36 8.63 9.64 7.80 6.50 0.74 0.033 0.031 0.04 0.003 0.08 0.018 0.29 0.009 
16 T 0.95 21.85 478 4.16 6.92 7.00 8.16 7.95 6.97 6.19 0.70 0.081 0.033 0.03 0.003 0.09 0.018 0.15 0.008 
17 T 0.48 22.48 476 9.59 13.88 9.80 8.32 9.14 7.68 6.15 0.79 0.088 0.043 0.05 0.003 0.12 0.031 0.37 0.008 
18 R 0.80 22.33 450 4.53 7.11 8.45 8.19 8.22 7.20 6.04 0.75 0.098 0.039 0.04 0.002 0.20 0.051 0.20 0.008 
20 R 0.60 22.26 439 5.95 8.76 8.08 8.19 8.66 7.47 6.05 0.80 0.101 0.038 0.05 0.002 0.31 0.015 0.27 0.009 
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 Six water quality parameters (Secchi depth, true colour, TN, pH, conductivity and 
NOx) were strongly correlated (>±0.35) with the first and second axis and these 
parameters were used in the final PCA.  A PCA using the reduced number of 
parameters, (Secchi depth, true colour, TN, pH, conductivity and NOx), (Fig 2.3) of 
the water quality data had the first two eigenvalues greater than 1 and accounted for 
90% of variance. The first axis was strongly correlated with NOx and negatively 
correlated with pH. The second axis is strongly correlated with pH and negatively 
correlated with Secchi depth. The water quality parameters most influential in the 
dataset were pH, NOx, Secchi depth, conductivity, true colour and TN. 
 
Figure 2.3. PCA of selected water quality parameters. TN – total nitrogen, NOx – nitrogen 
oxides, Secchi – Secchi depth. 
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 2.3.2 Diatom variability 
Ninety three diatom taxa from 45 genera were identified from the thirty sites 
sampled. Two of the 93 taxa (Aulacoseira granulata (Ehrenberg) Simonsen and A. 
pusilla (Meister) Tuji and Houk) were found at all 30 sites, 31 taxa were found at only 
one site. Of the 93 taxa, 22 taxa dominated the reservoir with relative abundances at 
three sites or more greater than 1% (Fig 2.4). Achnanthidium minutissimum Kützing 
and Discostella stelligera (Cleve and Grunow) Houk and Klee were recorded in 
highest relative abundances (32% and 18% respectively) in the lacustrine zone, 
while three taxa (Bacillaria paxillifera (O.F.Müller) T.Marsson, Cocconeis placentula 
Ehrenberg and Cyclotella meneghiniana Kützing) increased in abundance in the 
transition and riverine zones (average abundances of 0.3%, 1%, 2%, 0.1%, 0.6%, 
1.8% and 0.7%, 2%, 3.6% in the lacustrine, transition and riverine zones respectively 
for each taxa). Canonical analysis of principal coordinates (CAP) identified three 
distinct groups formed by the diatom assemblages (Fig 2.5), which match the zones 
of the reservoir identified by the water quality parameters.  Leave one out cross 
validation of the analysis on the diatom assemblages achieved over 73% correct 
allocation of zone assigned based on predefined boundaries. Sites that were not 
classified as the zone assigned to them were 9, 11, 14, 15, 18, 19, 20 and 21.  
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Figure 2.4. Twenty two dominant diatoms with relative abundance above 1% at three or more sites  
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 SIMPER analysis indicated that the sites in the lacustrine zone have a similarity of 59% 
and found four taxa (A. granulata, A. pusilla, Cyclotella ocellata Pant and Discostella 
stelligera) were responsible for over 75% of the similarity. In the transition zone six taxa 
(Cyclotella ocellata, Aulacoseira granulata, Aulacoseira pusilla, Discostella stelligera, 
Ulnaria acus (Kützing) M.Aboal and Achnanthidium minutissium Kützing) contributed to 
over 78% to the similarity of the lacustrine zone sites similarity of 63%. Eight taxa 
(Aulacoseira granulata, Aulacoseira pusilla, Cyclotella ocellata, Cyclotella meneghiniana 
Kützing, Ulnaria acus, Cocconeis plactenula Ehrenberg, Discostella stelligera, and 
Bacillaria paxillifera) contribute over 75% of the similarity in the riverine zone sites. 
Between zone dissimilarity was 41% for lacustrine and transition and 45% for transition 
and riverine. The dissimilarity was larger between the lacustrine and riverine zones at 
50%.  
 
Figure 2.5. Canonical analysis of principal coordinates (CAP) for diatom assemblage at each site. 
Symbols show zone. L – lacustrine, T – transition, R- riverine. 
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 Distance based redundancy analysis of water quality parameters and diatom assemblages 
of each site found seven water quality parameters (DOC, TMn, FRP, Secchi depth, TP, pH 
and conductivity) were driving the differences between the sites (Fig 2.6). These seven 
water quality parameters explained 64.4% of the variation on the first two axis of the 
diatom assemblage at each site. 
  
Figure 2.6. Distance based redundancy analysis of selected water quality parameters and diatom 
taxa (found at > 1% at 3 or more sites). Length and direction of each vector indicates the strength 
of the individual parameter. Water quality parameters with relationships greater than 0.4 on either 
axis 1 or 2 are displayed. TMn – total manganese, TP – total phosphorus, DOC – dissolved 
organic carbon, FRP – filterable reactive phosphorus, Secchi – Secchi depth.   
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 2.4 Discussion 
Water quality parameter analysis demonstrates grouping of sites that reflects reservoir 
zonation, lacustrine, transition and riverine. Zones of a reservoir are well known to be 
dynamic and change with season and fluctuating water levels (Nogueira et al. 1999, Shao 
et al. 2010). As the water level fluctuates, the location of the border of each zone would be 
expected to move over time. Further work would need to be conducted as the water level 
fluctuates over time in order to determine how far the zones shift at different water depths. 
Principle component analysis indicates that NOx and pH are the strongest determinants of 
variability between sites for water quality parameters. Water quality parameters, in 
particular pH (Weckström et al. 1997, Cameron et al. 1999, Kovacs et al. 2006) and 
Secchi depth (Akbulut and Dügel 2008, Trevisan et al. 2010) to been shown to strongly 
influence the diatom assemblage. 
 
Within lake sediment diatom spatial variability has been demonstrated previously (Owen 
and Crossley 1992, Adler and Hubener 2007) with studies finding differences in diatom 
communities between sites and linking these differences to physical and chemical 
parameters. This is the first study showing similar results in a reservoir environment in 
Australia. The differences in the diatom assemblage can be attributed to four species in 
the lacustrine zone, six species in the transition zone and eight species in the riverine 
zone. The two diatoms (A. granulata and A. pusilla) found at all 30 sites are cosmopolitan 
planktonic taxa, often found in eutrophic water bodies (Denys et al. 2003, Vieira et al. 
2008) and are often reported in the same community (Denys et al. 2003). Cyclotella 
ocellata was found at 29 of the 30 sites (two of which were below 1%), only being absent 
from site 30, the most upstream and shallowest of the riverine sites. Cycotella ocellata is a 
planktonic taxa and has been reported as meso-eutrophic (van Dam et al. 1994). 
Cyclotella meneghiniana and D. stelligera are both planktonic taxa and prefer eutrophic 
waterbodies (van Dam et al. 1994). Cyclotella meneghiniana has a preference for higher 
conductivity than D. stelligera (van Dam et al. 1994), which is reflected in this study as C. 
meneghiniana increases in abundance through the transition zone into the riverine, while 
D. stelligera occurs at higher abundances closer to the dam wall in the lacustrine zone 
where the lower conductivities were reported. Bacillaria paxillifera, typically an epipelic 
diatom (Gomez 1999), was found in the transition and riverine sites but not in the 
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 lacustrine zone sites, with the greatest abundances found in the riverine zone. Bacillaria 
paxillifera has been previously classified as a brackish diatom, with a range of 3,437 – 
15,447 µs/cm (van Dam et al. 1994), and reported in areas of conductivity with a range of 
300-1400 µs/cm (Blinn and Bailey 2001a), which covers the range reported in this study 
(389-508 µs/cm). 
 
The diatom sites that were not classified into the zones that they were assigned indicate 
that these sites demonstrated characteristics of an adjoining zone rather than how they 
were classified in the sampling strategy. In the CAP analysis of the diatom data, site 9 
(lacustrine) was classified as a transition zone site likely due the presence Nitzschia 
capitellata (Hustedt) Schmidt which was found in the transition and riverine zones but only 
at site 9 in the lacustrine zone. Site 15 (transition) was classified as a riverine site most 
likely due the presence of Cocconeis placentula Ehrenberg, Luticola goeppertiana 
(Bleisch) D.G.Mann, Navicula trivialis Lange-Bertalot and Staurosira sp which were only 
otherwise found in the riverine sites. Sites 20 and 21 (riverine) were classified as transition 
zone sites possibly due to the elevated abundance of Cyclotella ocellata compared to the 
other riverine sites. Assigning zones to the diatom assemblages that were based on 
routine water quality monitoring sites, of which there are fewer, is likely the cause of some 
diatom sites being regarded as misclassified. The addition of more water quality sites to 
match the number of diatom sites may produce more aligned results, although this will still 
not account for the hydrological parameters that are not part of the routine water quality 
monitoring program. Lateral inflows occur throughout the reservoir, in addition to the main 
inflow in the riverine zone, each of which has their own smaller catchment and may not all 
flow at the same time or to the same magnitude. Another factor influencing the diatom 
assemblages is the bathymetry of the reservoir. Wivenhoe Dam was created by flooding a 
river valley and this has resulted in shallow areas near the dam wall. As the reservoir was 
sampled during drought conditions, some of sites close to the dam wall only had four 
meters of water covering them when this study was undertaken, and may have had light 
penetrating the entire water column. This would create a different diatom assemblage than 
would be expected when the reservoir is at higher levels. The location of the zones may 
have shifted during the 12 months prior to sampling due to seasonal variability of the 
boundaries or the decrease in water level and is reflected in the diatom assemblage as 
diatoms are sensitive to change. Further analysis of reservoir zonation as reflected in the 
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 water quality parameters is required in future studies to increase understanding on the 
extent of movement the boundaries between the zones experience.  
 
This study showed that water quality and surface sediment diatom assemblages broadly 
share the same zonation in a subtropical reservoir. The variability of the diatom community 
between sites can be attributed to a combination of the hydrological regime and water 
quality of each site. While the water quality variables reflect reservoir zonation well, the 
diatom assemblages suggest that reservoir zonation is more complex and requires further 
investigation.  
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 Chapter 3 – Diatom based transfer functions for drinking water 
reservoirs in south east Queensland, Australia 
3.1 Introduction 
Water quality monitoring programs of reservoirs are expensive and require extensive 
resources to adequately cover large areas or persist over a long time frame (ANZECC and 
ARMCANZ 2000). Inclusion of all chemical and physical (including phosphorus, nitrogen, 
carbon, iron, manganese, turbidity, conductivity, temperature, dissolved oxygen) 
parameters can be costly and time consuming (Bellinger and Sigee 2010). Monitoring 
programs typically include weekly to monthly sample collection that are often analysed by 
an external laboratory at high cost depending on the number of parameters measured and 
can include metals, nutrients, TSS, colour, taste and odour compounds (MIB and 
geosmin), phytoplankton counts, and algal toxins. Parameters such as temperature, 
dissolved oxygen, pH, conductivity and turbidity are often measured in-situ with 
specialised equipment that is expensive initially and requires frequent calibration by 
competent staff. The timescale at which any of these parameters vary can be less than the 
monitoring frequency, especially during high inflow events. Water quality sampling results 
are a snapshot in time and space rather than an integrated sample for the location studied 
(Saunders and Taffs 2009).  
 
Monitoring in drinking water reservoirs is usually undertaken for two purposes, to measure 
parameters related to water treatability (temperature, dissolved oxygen, turbidity, colour, 
algal cells and pathogens (NHMRC and NRMMC 2011)) and to track long term changes in 
trophic status. Typically, in traditional water quality monitoring programs the majority of 
parameters measured are used to determine long term trends (5 years) and deviations 
from this trend to assess changes in eutrophication status of the reservoir. Increases in 
eutrophication have been widely studied and are often associated with reduced water 
quality conditions and algal blooms (Davis and Koop 2006). In order to determine long 
term trends in reservoirs where there is no long term physiochemical monitoring, estimates 
can be made using biological components of the aquatic ecosystem. Bioindicators are 
being increasingly used to infer environmental parameters by studying the response of an 
organism within a community structure (Bellinger and Sigee 2010, Payne 2013). Diatoms 
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 are widely used as bioindicators (Oeding and Taffs 2015), as they respond quickly to 
changes in water quality (Rimet 2012) and individual taxa can have narrow ecological 
preferences (Reid et al. 1995) which reflects the overlying water quality their environment. 
The incorporation of diatoms as a biological indicator into a monitoring program provides 
an integrated assessment of a site over time (Oeding and Taffs 2015). Using the sediment 
surface diatom assemblage of a site enables recent environmental parameters to be 
inferred (Philibert et al. 2006). Diatoms can also be used to infer historic environmental 
conditions, due to their preservation in the sediment record, by developing a transfer 
function. Transfer functions can be particularly useful for assessing historic environmental 
parameters at sites that do not have historical water quality monitoring (Anderson 1998, 
Ruhland and Smol 2002). 
 
Transfer functions are developed using a training set which consists of measured 
environmental parameters and the corresponding modern diatom assemblage for a 
number of sites (Philibert et al. 2006). Specialised analytical software is used to determine 
individual water quality parameters that are driving the differences in the diatom 
assemblages. These parameters are then further analysed until the one or two parameters 
that have the strongest independent influence on the diatom assemblage are identified. 
Transfer functions can then be produced. There are a number of assumptions made 
during the development of a transfer function. The most important assumption is that the 
taxa used are systematically related to their surrounding environment (Juggins 2013). 
Additionally, when inferring environmental parameters from fossil taxa, the assumption is 
made that the individual taxa and their response to the environmental parameters has not 
changed over time (Juggins 2013).  
    
In the temperate region of Australia transfer functions have been developed in streams 
and reservoirs for conductivity (Tibby and Reid 2004, Philibert et al. 2006), pH (Tibby et al. 
2003, Philibert et al. 2006) and total phosphorus (Tibby 2004). Ecological preferences of 
individual diatom species have been reported from various regions including Africa (Gasse 
et al. 1995), the Netherlands (van Dam et al. 1994), Spain (Reed 1998), Tibet (Yang et al. 
2003), Turkey (Reed et al. 2012), and the U.S. (Potapova and Charles 2003). However, 
little is known about diatom ecological preferences in sub-tropical reservoirs (Gabito et al. 
2013) which function differently to temperate reservoirs and have higher summer rainfall 
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 These issues can be overcome by developing transfer functions from regional datasets 
(Philibert et al. 2006).  
 
The development of a regional training set using surface sediment diatoms and ambient 
water quality parameters is an important step in developing a regional transfer function. 
This study will develop the first transfer functions for reservoirs in a subtropical region of 
Australia, and provide water managers with a tool for investigating historic changes in 
water quality parameters and monitoring of reservoir water quality. 
3.2 Methods 
3.2.1 Site description 
South east Queensland (SEQ) reservoirs range in age, average depth, capacity, surface 
area and catchment area (Table 3.1). The mean depths of the reservoirs vary between 3.1 
and 17.5 m, full supply capacities between 8,018 and 1,165,238 ML, surface areas 
between 49 and 10,750 ha and size of the catchments vary from 8.1 to 7020 km2. 
Catchment landuse also covers a wide range of uses from protected natural forests, 
through urban and periurban landscapes to extensive grazing and agricultural lands, with 
the amount of catchment that has been modified varying between reservoirs (Table 3.1).  
3.2.2 Sample collection 
During 2009 15 reservoirs (Fig 3.1), were sampled 9 February – 2 March and 9 November 
– 1 December. At least three sites were sampled in each reservoir, including one site in 
each zone (lacustrine, transition and riverine) of each reservoir. At each site water 
samples were collected using a three meter integrated sampling tube for water quality 
analysis (total nitrogen, total phosphorus, total organic carbon, chlorophyll a, total 
suspended solids, and colour). Water samples were filtered using a 0.45 µm filter for 
dissolved nitrogen (DN), oxides of nitrogen (NOx), ammonium (NH4), filtered reactive 
phosphorus (FRP), and dissolved organic carbon (DOC) analysis. All samples were 
collected in reverse osmosis rinsed containers and transported on ice to the laboratory for 
analysis. Profiles of the physiochemical parameters of the water column were taken using 
a YSI 6600 sonde (YSI inc., Florida), with measurements taken at 1 m intervals recording 
temperature, specific conductivity, pH, turbidity and dissolved oxygen (DO).  
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 Sediment samples were collected for diatom analysis at each site using a Van Veen 
sediment grab (Bernardez et al. 2008). The surface layer of the sediment (top 1 cm) was 
stored in a 50 ml sample jar and transported on ice to the University of Queensland 
laboratory for diatom analysis.  Secchi depth was recorded at each site to determine water 
transparency. 
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 Table 3.1. Main characteristics of the 15 reservoirs sampled. FSL – full supply level. Data supplied by Seqwater 
 
Reservoir 
 
Location 
Year 
constructed 
Mean 
depth 
(m) 
Full supply 
capacity 
(ML) 
FSL 
(m 
AHD) 
Surface 
area 
(ha) 
Catchment 
area  
(km2) 
% of 
catchment 
modified 
Baroon Pocket 26°41ʹ55ʺS;152°51ʹ57ʺE 1989 15.7 61,000 217.00 384 67 51 
Borumba 26°30ʹ22ʺS;152°34ʹ50ʺE 1963 12.2 45,952 135.01 480 465 20 
Cooloolabin 26°33ʹ20°S;152°52ʹ41ʺE 1979 9.9 13,800 296.00 220 8.1 26 
Ewen Maddock 26°46ʹ46ʺS;152° 0ʹ37ʺE 1976 7.4 16,587 25.38 393 21 31 
Hinze 28° 3ʹ 0ʺS;153°16ʹ50ʺE 1976 17.5 310,730 94.50 1505 207 20 
Kurwongbah 27°15ʹ23ʺS;152°57ʹ25ʺE 1969 4.2 14,370 20.42 347 53 54 
Leslie Harrison 27°31ʹ41ʺS;153°10ʹ49ʺE 1967 5.9 24,868 18.30 479 87 37 
Little Nerang 28° 8ʹ36ʺS;153°17ʹ 7ʺE 1961 16.6 6,705 168.02 49 35.2 17 
Macdonald 26°22ʹ52ʺS;152°55ʹ47ʺE 1965 3.1 8,018 95.32 260 49 48 
Manchester 27°29ʹ19ʺS;152°45ʹ 5ʺE 1916 10 26,217 50.90 280 74 7 
Maroon 28°10ʹ56ʺS;152°39ʹ23ʺE 1974 13.3 44,319 207.14 310 106 24 
Moogerah 28° 1ʹ47ʺS;152°33ʹ 2ʺE 1961 10.9 83,765 154.91 827 228 41 
North Pine 27°15ʹ48ʺS;152°56ʹ12ʺE 1976 10.1 214,302 39.60 2,075 348 35 
Somerset 27° 6ʹ55ʺS;152°33ʹ23ʺE 1959 9.3 379,849 99.00 4,210 1340 45 
Wivenhoe 27°23ʹ40ʺS;152°36ʹ32ʺE 1984 10.5 1,165,238 67.00 10,750 7020 52 
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 3.2.3 Laboratory analysis 
Water analyses were conducted at the Queensland Heath Forensic and Scientific Services 
which is an accredited laboratory by the Australian National Association of Testing Authorities 
(NATA). Total nitrogen (TN), total phosphorus (TP), FRP, NH4, NOx, and organic carbon (total 
and dissolved) were analysed using standard colorimetric methods (APHA 1998). True colour 
was analysed spectrophotometrically (APHA 1998). Total suspended solids (TSS) were 
calculated by dry mass retention on pre-weighed GFF filters (APHA 1998). 
 
Sediment samples were treated following the cold hydrogen peroxide method (Battarbee et 
al. 2001). Permanent slides were made by drying 1 ml of cleaned solution on a coverslip and 
fixing to a slide using Meltmount™. A minimum of 400 valves (Rimet and Bouchez 2012) 
were counted from each sample using differential interference contrast at 1000x magnification 
on a Nikon 80i light microscope. Broken valves were counted if the central area and one pole 
was present to avoid counting the same valve twice (Kelly et al. 2001). Diatoms were 
identified to species using Australian (Foged 1978, Gell et al. 1999, Sonneman et al. 2000) 
and international guides (Krammer and Lange-Bertalot 1991a, 2008a, b, Krammer and 
Lange-Bertalot 2010). A list of taxa identified is in Appendix 1 and corresponding micrographs 
are located in Appendix 2.  
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Figure 3.1 Location of the 15 reservoirs sampled for this study for diatoms and water quality 
parameters 
3.2.4 Data analysis 
An average of the top three meters of water quality parameters collected via the YSI 6600 
sonde (temperature, specific conductivity, pH, turbidity and DO) was used to be comparable 
with parameters that were determined in the laboratory. Environmental variables with 
numerous data points below limits of detection (FRP, NH4 and NOx) were excluded from 
analysis. TSS data was log transformed to reduce left skewedness and TP data was log 
transformed to reduce bias. DOC was excluded from further analysis due to strong linear 
correlation (p <0.001, r2 0.96) to TOC. All environmental data was normalised prior to further 
analysis. A resemblance matrix using Euclidean distance of environmental parameters was 
used in dbRDA (distance based redundancy analysis) to determine individual variables 
36 
 
 driving differences in the diatom assemblages (Anderson et al. 2008). Variables that had over 
0.35 on either axis 1 or 2 were included in further analysis.  
 
The significance of environmental variables identified in dbRDA was assessed using 
canonical correspondence analysis (CCA). Environmental variables were analysed by forward 
selection, unrestricted Monte Carlo permutation test (999 permutations) and downweighting of 
rare species to determine the minimum number of variables that could explain the greatest 
amount of variation. Environmental variables with variance inflation factors (VIFs) >20 were 
removed from further analysis (Saunders 2011). Variance partitioning determined the unique 
contribution to the explanatory power of each variable determined by forward selection 
(Juggins 2013). Significance of environmental variables was assessed, with each variable the 
only explanatory variable and using each variable individually with the remainder as 
covariables. The ratio of the eigenvalues from the first (constrained) and second 
(unconstrained) in Detrended Canonical Correspondence Analysis (DCCA) was used to 
determine which variable was most suitable for transfer function development. Environmental 
variables with ratios > 0.50 (Kingston et al. 1992) were included in transfer function 
development. All ordinations were performed using the program CANOCO 5 for windows (Ter 
Braak and Smilauer 2012).  
 
Diatom taxa that contributed 1% or more in at least one sample were retained for further 
analysis. Individual taxa are reported as relative abundance as a percentage of the total 
number of valves counted in each sample. Diatom relative abundance data was square root 
transformed and TP data was log transformed for model development. Weighted averaging 
(WA) was used to determine diatom taxa optima and tolerances. Transfer functions were 
developed for variables determined in DCCA using six models, classical Weighted Averaging 
(WA c), WA/TOL c (classical Weighted Averaging downweighted by the tolerance), WA In 
(inverse weighted averaging), WA/TOL In,  Weighted Averaging Partial Least Squares (WA-
PLS) and Maximum Likelihood (MaxLlhd) (Philibert et al. 2006, Adler and Hubener 2007, 
Stevenson et al. 2008) with the program C2 version 1.7.6 (Juggins 2007) to determine the 
best performing transfer function for each variable. All models used leave one out cross 
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 validation. Model performance was based on the squared correlation (r2) and the jackknifed r2 
(or leave one out) which is a better measure of the predictive ability (Davies et al. 2002).  
Models were accepted if the jackknifed  r2 (jack r2) was greater than 0.35 and had an r2 
greater than 0.6, rejected if neither jack r2 or r2 value was reached and classified as poor if the 
jack r2 was less than 0.35 but the r2 was greater than 0.6 (Philibert et al. 2006). Individual 
diatom taxa were determined as indicators (either sensitive or tolerant) of conductivity and TP 
using the 25th and 75th percentiles of each parameter (Stevenson et al. 2013). 
3.3 Results 
3.3.1 Physiochemical parameters 
Physiochemical parameters varied between sites and reservoirs. The range of conductivity 
across all sites varied between 68 and 376 µS/cm, pH 6.53 – 9.74, turbidity 0.1 – 10 NTU and 
TP 0.005 – 0.062 mg/L. Distance based redundancy analysis (dbRDA) of the environmental 
and diatom data (Fig 3.2) showed that the first two axes explained 74% of the variation 
between sites. Specific conductivity (Cond), pH, total organic carbon (TOC), TP, and turbidity 
were the water quality parameters driving the differences between the sites. 
   
Table 3.2 List of environmental variables measured showing min, max and median values. Detection 
limits of parameters, where applicable, are shown and the number of samples below detection limit.  
Variable Unit Detection 
limit (dl) 
No. 
below dl 
Min Max Mean Median StDev 
Chl a µg/L   2 35.5 11.9 9.5 7.4 
Cond µS/cm   68 376 177 181 83 
DO mg/L   3.48 10.21 6.95 6.94 1.19 
pH    6.53 9.74 8.07 8.04 0.79 
Secchi m    0.8 4.9 1.8 1.7 0.6 
True colour Hazen   1 120 21 17 21 
TSS mg/L   0 39.5 6.4 3.5 9.0 
Turbidity NTU   0.1 10 2.7 2.16 2.3 
DN mg/L   0.13 0.55 0.35 0.37 0.10 
DOC mg/L   2.85 12 7.23 7.15 2.12 
DP mg/L 0.003 3 0.003 0.028 0.009 0.008 0.005 
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 FRP* mg/L 0.002 42 0.002 0.005 0.002 0.0015 0.002 
NH4* mg/L 0.002 20 0.002 0.014 0.003 0.0025 0.003 
NOx* mg/L 0.002 60 0.002 0.093 0.006 0.002 0.017 
TN mg/L   0.245 0.995 0.520 0.515 0.155 
TOC mg/L   3.45 13.2 7.9 8 2.2 
TP mg/L   0.005 0.062 0.025 0.023 0.012 
Chl a – chlorophyll a, Cond – specific conductivity, DO – dissolved oxygen, TSS – total suspended solids, DN – 
dissolved nitrogen, DOC – dissolved organic nitrogen, DP – dissolved phosphorus, FRP – filtered reactive 
phosphorus, NH4 – ammonium, NOx – nitrogen oxides, TN – total nitrogen, TOC – total organic carbon, TP – 
total phosphorus.* excluded from further analysis due to numerous points below detection limit 
3.3.2 Diatom assemblages 
In  total 194 diatom taxa were identified, 45 taxa occurred at only one site, whilst 115 taxa 
contributed over 1% relative abundance at least one site. Of these 115 taxa, 13 taxa were 
abundant, occurring at over 30% relative abundance at one site or more and 4 diatom taxa 
(Achnanthidium minutissimum Kützing, Aulacoseira ambigua (Grunow) Simonsen, A. 
granulata Ehrenberg, and Cyclotella sp 1 were dominant occurring at over 60% relative 
abundance at one site or more. The most frequently occurring taxa were Achnanthidium 
minutissimum (82% of sites), Aulacoseira ambigua (69%), A. granulata (85%), A. pusilla 
(Meister) Tuji & Houk (64%), Cocconeis placentula Ehrenberg (49%), Discostella stelligera 
(Cleve & Grunow) Houk and Klee (88%), C. meneghiniana Kützing (49%), Cyclotella sp1 
(62%), Navicula radiosa Kützing (57%) and Ulnaria acus (Kützing) M. Aboal (89%).  
3.3.3 Links between physiochemical parameters and diatom assemblages 
CCA of the environmental variables identified in dbRDA (conductivity, pH, TOC, turbidity and 
TP) explained 16.4% of the variation in the diatom data. VIFs for the selected variables were 
< 10 and all were retained for further analysis. Forward selection indicated four of the 
variables (conductivity, turbidity, TOC and TP) made significant contributions (p < 0.005) and 
explained 14.9% of the variation. Variance partitioning attributed 13.7% of the variation to the 
environmental parameters alone and 1.2% to interactions between the parameters. 
Explanation of variance was highest with conductivity (3.8%), followed by TP (3.6%), TOC 
(3.3%) and turbidity (3.0%). DCCA was performed to determine the ratios of first (constrained) 
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 axis and second (unconstrained) axis for each parameter. Conductivity (0.93) would be the 
most suitable for transfer function development, in addition to TP log10 (0.53), while TOC 
(0.31) and turbidity (0.28) would not be suitable for transfer function development.  
 
 
Figure 3.2. Distance based redundancy analysis (dbRDA) plot of diatom assemblages and selected 
water quality variables demonstrating the relationship between water quality parameters and diatom 
assemblages from each site. The length and direction of each vector (WQ parameter) indicates the 
strength of the parameter. SpCond – specific conductivity, TOC – total organic carbon, TP log10 – 
total phosphorus. BAR – Baroon Pocket, BOR – Borumba, COO – Cooloolabin, EWE – Ewen 
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 Maddock, HIN – Hinze, KUR – Kurwongbah, LHD – Leslie Harrison Dam, LND – Little Nerang Dam, 
MAC – Lake Macdonald, MAN- Manchester, MAR – Maroon, MOO – Moogerah, NPD – North Pine 
Dam, SOM – Somerset, WIV – Wivenhoe. 
 
Aulacoseira granulata was found at a wide range of both conductivity and TP (Fig 3.3). 
Aulacoseira pusilla occurred in highest abundances (> 20% relative abundance) at 
conductivities between 200 and 320 µS/cm, compared to Aulacoseira granulata which 
occurred in higher abundances (> 20%) at most conductivities. Specific conductivity related to 
relative abundances of individual diatom taxa. Cyclotella sp 1 occurred at highest relative 
abundances (34 -93% relative abundance) in lower conductivity water (68-100 µS/cm) (Fig 
3.3), all of which were observed in Cooloolabin reservoir. Total phosphorus influenced the 
abundance of individual diatom species. The highest relative abundances (> 45%) of 
Cyclotella sp 1 corresponded with the lowest TP values (< 0.006mg/L). Total phosphorus 
above 0.029 mg/L coincided with increased abundances of A. pusilla.  
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Figure 3.3. Relative abundance of three individual diatom taxa (A – Aulacoseira granulata, B – 
Aulacoseira pusilla, C- Cyclotella sp1) in relation to conductivity (left) and total phosphorus (right) 
measurements.  
3.3.4 Ecological preferences 
Ecological preferences (optimums and tolerances) for two environmental variables 
(conductivity and TP) for individual diatom taxa with relative abundances of at least 1% at one 
site or more were determined using a WA model (Table 3.3). Using the 25th and 75th 
percentiles of the environmental variables and the optimums calculated for individual diatom 
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 taxa, taxa were classified as sensitive (25th and below) and tolerant (75th and above). Eleven 
taxa have been classified as sensitive to conductivity with 10 taxa classified as tolerant (Table 
3.4). There were 16 sensitive and 30 tolerant for TP. Seven taxa were sensitive to both 
conductivity and TP, while 5 taxa were tolerant of both conductivity and TP. A number of taxa 
(63) were not sensitive or tolerant to either of the water quality parameters analysed. 
 
Table 3.3 Number of occurrences, Hill’s N2 (effective number of occurrences (Hill 1973)), optimums 
and tolerances for individual diatom taxa found above 1% relative abundance at one site or more. 
Diatom taxa Count Hills N2 Conductivity 
µS/cm 
TP 
mg/L 
Optimum Tol Optimum Tol 
Achnanthes oblongella 17 14.5 147.6 81.3 -1.5197 T 0.1555 
Achnanthes pusilla 1 1.0 293.8T 68.1 -1.4685 T 0.1887 
Achnanthidium catenatum 17 10.9 219.1 89.2 -1.6991 0.1458 
Achnanthidium minutissimum 71 42.4 201.9 76.0 -1.6300 0.1466 
Achnanthidium subatomus 5 3.0 147.5 103.3 -1.5055 T 0.1792 
Actinocyclus normanii 9 7.1 236.5 59.6 -1.6381 0.1542 
Amphora libyca 2 2.0 241.1 23.6 -1.5118 T 0.3646 
Asterionella formosa 11 8.4 91.5S 15.1 -1.6944 0.1605 
Aulacoseira ambigua 59 45.7 161.7 72.6 -1.6362 0.2001 
Aulacoseira distans 9 6.6 195.5 54.3 -1.4603 T 0.2409 
Aulacoseira granulata 73 58.7 187.6 78.7 -1.6346 0.2224 
Aulacoseira italica 3 2.5 155.2 45.1 -1.5223 T 0.1727 
Aulacoseira pusilla 55 37.5 221.0 66.8 -1.5485 T 0.1909 
Bacillaria paxillifera 31 24.7 218.5 61.6 -1.5597 T 0.1710 
Brachysira styriaca 22 16.9 116.1 70.6 -1.8606 S 0.2573 
Cavinula cocconeiformis 11 8.8 231.1 58.7 -1.5989 0.1588 
Cocconeis placentula 42 26.1 184.9 84.1 -1.5988 0.1597 
Craticula perrotettii 4 3.2 118.8 93.0 -1.7767 S 0.3299 
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 Craticula sp 12 9.4 185.3 67.4 -1.6238 0.1188 
Cyclostephanos sp 4 3.3 288.8 T 49.5 -1.4797 T 0.2749 
Cyclotella meneghiniana 63 47.4 204.3 80.5 -1.6032 0.1821 
Cyclotella ocellata 21 12.5 276.9 T 67.9 -1.5604 T 0.1724 
Cyclotella sp 1 53 29.0 118.4 72.2 -1.8222 S 0.2781 
Cyclotella sp 3 16 13.0 153.7 70.4 -1.6002 0.2296 
Cyclotella striata var ambigua 6 4.3 329.1 T 50.2 -1.5714 0.2502 
Cymbella aspera  1 1.0 262.8 T 68.1 -1.7447 0.1887 
Diadesmis confervacea 18 13.4 211.5 69.0 -1.5606 T 0.2109 
Diadesmis contenta 30 18.0 156.3 78.5 -1.6257 0.1578 
Diatoma sp 1 1.0 247.0 68.1 -1.8239 S 0.1887 
Discostella stelligera 76 63.5 172.5 80.0 -1.6562 0.1835 
Discostella sp1 27 20.6 148.1 64.4 -1.6320 0.1957 
Encyonema elginense 14 12.8 210.8 73.5 -1.5905 0.1957 
Encyonema mulleri 9 7.3 116.2 58.1 -1.7414 0.2319 
Encyonema silesiacum  22 18.1 133.2 61.6 -1.6750 0.2250 
Encyonema sp 15 9.7 87.6 S 51.3 -1.9405 S 0.2835 
Epithemia sorex 7 5.5 234.3 52.1 -1.6284 0.1022 
Eunotia bilunaris 25 16.7 118.3 68.8 -1.7587 0.2236 
Eunotia cf boomsma 5 4.5 101.7 66.7 -1.7967 S 0.3778 
Eunotia exigua 6 4.9 74.5 S 4.7 -1.6750 0.2113 
Eunotia flexuosa 1.0 3.0 156.0 68.1 -1.6021 0.1887 
Eunotia minor 23 18.8 119.6 48.4 -1.6305 0.2529 
Eunotia paratridentula 2 2.0 69.6 S 0.7 -1.9365 S 0.0535 
Eunotia sp 5 3.2 117.0 97.7 -1.8463 S 0.1310 
Fragilaria construens 3 2.8 146.3 20.8 -1.6027 0.0472 
Fragilaria sp 1 4 2.7 127.7 41.5 -1.6517 0.1402 
Fragilaria sp 2 2 1.8 250.8 5.2 -1.7917 S 0.0726 
Frustulia quadrisinuata 6 5.4 81.4 S 13.0 -1.8687 S 0.1109 
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 Frustulia rhomboides 13 11.0 106.6 68.2 -1.8687 S 0.3226 
Gomphonema affine 14 12.9 146.1 76.0 -1.6384 0.2478 
Gomphonema angustum 18 15.7 158.9 70.7 -1.6099 0.2099 
Gomphonema clavatulum  18 13.6 177.9 89.4 -1.6320 0.1802 
Gomphonema lanceolatum 5 3.1 101.6 14.1 -1.6394 0.1597 
Gomphonema parvulum 31 25.1 171.7 78.9 -1.6490 0.1791 
Gomphonema pumilum 1 1.0 127.0 68.1 -1.3233 T 0.1887 
Gyrosigma acuminatum 28 20.4 196.8 74.4 -1.6296 0.2092 
Halamphora coffeaeformis 7 5.6 239.2 76.4 -1.6676 0.2096 
Halamphora veneta 6 5.1 187.7 91.1 -1.6590 0.1795 
Hantzschia amphioxys 20 17.7 189.8 87.7 -1.6391 0.2027 
Hippodonta capitata 4 2.7 154.0 64.0 -1.5742 0.0947 
Kobayasiella sp 1 2 1.4 95.9 S 126.6 -2.1598 S 0.2814 
Kobayasiella sp 2 6 4.6 138.4 68.2 -1.6727 0.1048 
Luticola goeppertiana 15 10.3 222.8 80.5 -1.5251 T 0.1998 
Luticola mutica 23 16.7 176.1 81.1 -1.6260 0.1643 
Luticola sp 6 3.7 178.7 86.0 -1.6072 0.0953 
Mastogloia elliptica 9 8.2 199.7 61.5 -1.6592 0.1573 
Melosira lineata 2 1.6 187.9 89.8 -1.5978 0.0120 
Melosira varians 10 9.0 173.4 80.4 -1.5952 0.1147 
Navicula cryptocephala 24 17.9 201.8 78.4 -1.6117 0.1770 
Navicula cryptotenella 35 19.0 158.4 93.9 -1.6107 0.1833 
Navicula digitoconvergens 4 3.4 184.6 134.4 -1.3842 T 0.1837 
Navicula erifuga  7 5.0 189.4 91.5 -1.7021 0.2409 
Navicula gregarica 9 6.5 180.1 101.5 -1.6338 0.1464 
Navicula radiosa 49 38.8 142.9 81.2 -1.7445 0.2393 
Navicula viridula 10 8.5 180.1 73.4 -1.4800 T 0.1295 
Navicula sp 1 10 5.9 114.5 77.3 -1.6674 0.3919 
Navicula sp 2 8 6.1 161.1 100.8 -1.8796 S 0.2253 
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 Navicula sp 3 4 2.8 304.4 T 71.0 -1.3799 T 0.0957 
Navicula sp 4 2 1.7 183.3 60.0 -1.4380 T 0.0935 
Nitzschia amphibia 19 15.1 217.1 71.4 -1.6688 0.1728 
Nitzschia frustulum 3 3.0 243.2 46.6 -1.3733 T 0.1200 
Nitzschia gracilis 36 25.1 220.4 88.7 -1.5552 T 0.2025 
Nitzschia cf hantzschiana 2 1.6 138.3 40.4 -1.4656 T 0.1857 
Nitzschia filiformis 13 10.6 225.0 87.4 -1.5154 T 0.1534 
Nitzschia frustulum 11 9.0 218.1 84.4 -1.5892 0.1443 
Nitzschia linearis var. subtilis 4 3.4 175.7 89.3 -1.6715 0.2114 
Nitzschia palea 17 14.1 177.5 84.2 -1.6113 0.2397 
Nitzschia subacicularis 25 10.9 259.0 T 93.7 -1.5510 T 0.1876 
Nitzschia tubicola 15 10.9 185.7 70.6 -1.5953 0.1739 
Nitzschia valdecostata 10 9.2 206.0 80.8 -1.5745 0.1940 
Nitzschia sp 1 17 13.0 161.9 94.2 -1.6695 0.2188 
Nitzschia sp 2 1 1.0 256.2 T 68.1 -1.7447 0.1887 
Nitzschia sp 3 1.0 5.1 262.4 T 68.09 -1.5157 T 0.1887 
Pinnularia acutobrebissonii 9 3.1 83.0 S 20.7 -1.8721 S 0.1915 
Pinnularia borealis 6 4.7 108.4 55.4 -1.7216 0.1987 
Pinnularia braunii 37 27.2 154.1 85.6 -1.6718 0.2501 
Pinnularia sp 5 4.6 98.7 S 26.9 -1.6422 0.2827 
Placoneis elginensis 27 23.9 209.4 78.1 -1.5304 T 0.1656 
Planothidium biporomum 3 2.7 224.9 66.0 -1.5715 0.0977 
Planothidium frequentissimum 8 3.9 186.3 89.4 -1.6314 0.1115 
Planothidium lanceolatum 6 5.2 180.2 59.7 -1.5595 T 0.2977 
Planothidium rostratum 20 11.2 131.7 81.5 -1.5787 0.1927 
Rhoicosphenia abbreviata 6 5.1 204.7 86.0 -1.6449 0.1598 
Rhopalodia brebissonii 6 5.7 192.3 84.9 -1.5525 T 0.2402 
Rhopalodia gibba 13 9.1 212.6 59.9 -1.6124 0.1464 
Sellaphora pupula 38 34.0 165.5 81.5 -1.6450 0.2192 
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 Sellaphora seminulum 10 8.1 170.3 77.2 -1.5462 T 0.1728 
Stauroneis gracilior 3 2.7 76.1 S 8.5 -1.9245 S 0.0656 
Stenopterobia curvula 11 8.3 80.6 S 13.1 -1.7785 S 0.3206 
Stephanodiscus minutulus 1 1.0 293.8 T 68.1 -1.4685 T 0.1887 
Stephanodiscus sp 6 4.5 231.2 75.8 -1.4619 T 0.1690 
Tabellaria flocculosa 7 5.3 82.2 S 29.6 -1.5759 0.1447 
Thalassiosira visurgis 1 1.0 114.2 68.1 -1.6676 0.1887 
Tryblionella coarctata 8 7.5 219.3 59.3 -1.5156 T 0.2525 
Tryblionella levidensis 9 7.6 242.7 75.2 -1.6202 0.2312 
Ulnaria acus 77 61.7 183.7 79.7 -1.6305 0.1851 
 
TP – total phosphorus, tol – tolerance. S – sensitive, T – tolerant (based on 25th and 75th percentiles of calculated 
optimums). Note: taxa with only one occurrence had their tolerances set at 67.5 (conductivity) and 0.1892 (TP 
log10).  
3.3.5 Model development 
Weighted averaging partial least squares (WA PLS) model performed well (Table 3.4, Fig 3.4) 
for conductivity and TP. The optimal WA PLS model for conductivity was two components 
with an r2 of 0.87 and jackknifed r2 of 0.69. Components 3, 4 and 5 had higher r2 values, 
however the jackknifed r2 was highest for component 2 demonstrating this would be the best 
number of components for inferring conductivity values. The WA PLS model for TP performed 
the best using 4 components with an r2 of 0.90 and jackknifed r2 of 0.45.  
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 Table 3.4. Performance of each of the six models tested for prediction of environmental parameters 
that explain the greatest amount of variation between diatom assemblages at each site as determined 
by variance partitioning. 
  WA c WA/TOL c WA In WA/TOL In WA PLS* MaxLlhd 
Conductivity r2 0.69 0.69 0.70 0.70 0.87 0.74 
 jackknifed r2 0.59 0.59 0.56 0.56 0.69 0.57 
Total Phosphorus r2 0.58 0.58 0.55 0.55 0.90 0.59 
 jackknifed r2 0.41 0.42 0.28 0.29 0.45 0.37 
WA c - Classical Weighted Averaging, WA/TOL c - classical Weighted Averaging downweighted by the 
tolerance, WA In - inverse weighted averaging, WA/TOL In – inverse weighted averaging downweighted by the 
tolerance, WA PLS - Weighted Averaging Partial Least Squares, MaxLlhd - Maximum Likelihood. * Only data for 
component 2 is shown for conductivity and component 4 for total phosphorus. 
 
 
Figure 3.4. Observed vs estimated values from WA PLS (weighted averaging partial least squares) 
model for conductivity (component 2) and TP log10 (total phosphorus)(component 4).  
3.4 Discussion 
This study developed the first transfer functions for reservoirs in a subtropical region of 
Australia. This will enable historic changes in water quality parameters, specifically 
conductivity and TP, to be investigated in reservoirs where there is no long term monitoring 
data. These transfer functions also provide a tool that provides an annual integrated 
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 measurement of conductivity and TP, rather than a single point in time and space that is 
produced from traditional water quality monitoring. There has been recent discussion on the 
usefulness of transfer functions (Juggins 2013), however reservoirs in SEQ are typically 
younger than the lakes where transfer functions have been previously developed. In the lakes 
reviewed by Juggins et al (2013) the authors suggested that the relationship between TP and 
the environment had changed in the recent past rendering the use of a TP transfer function 
inaccurate. It is likely that the relationship between TP and the environment has not changed 
greatly during the life of the reservoirs investigated and transfer functions developed here will 
be useful to at least quantitatively infer trends in conductivity and TP over time. The use of 
diatoms as an integrated measure of conductivity and TP can be incorporated into the 
traditional water quality program and provide a low cost option to track long term trends 
(Bellinger and Sigee 2010) . Increases in TP are widely reported as changes in trophic status 
and linked to increased anthropogenic inputs in catchments. The degradation of aquatic 
environments due to anthropogenic inputs is a topic widespread research and many transfer 
functions have been developed for TP to determine change in eutrophication. Developing 
ecological tolerances for diatoms of this region is of value, and can be compared optimums 
and tolerances for conductivity and TP reported in other studies (Tibby 2004, Tibby and Reid 
2004, Saunders 2011, Logan and Taffs 2013).  
 
A comparison of conductivity optimums for nine individual diatoms that have been reported as 
estuarine or marine taxa in other studies highlights the differences between this study and 
other regions (Table 3.5). The conductivity optima for eight of the nine diatom taxa compared 
are lower in this study than in other studies. The optimum of Actinocyclus normanii from this 
study (236 µS/cm) was less than half of the optimum calculated by Tibby and Reid (2004) 
from the Murray River in southern Australia (575 µS/cm), with both of these figures 
considerably lower than range (1780 – 3437 µS/cm) reported by Van Dam et al (1994) in the 
Netherlands. Similarly, the conductivity optimum of Bacillaria paxillifera was an order of 
magnitude lower than from streams in southeastern Australia (Philibert et al. 2006), which is 
also considerably lower than optimum from African lakes (Gasse et al. 1995) and Netherland 
streams (van Dam et al. 1994). The conductivity optimum of one diatom, Nitzschia tubicola, 
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 (186 µS/cm) was similar to the optimum reported by Philibert et al. (2006) from southeastern 
Australian streams (199 µS/cm). This further highlights the importance of developing regional 
training sets, as individual species preferences from other, often temperate, regions are not 
necessarily transferable across all regions of the species distribution. The differences in 
conductivity optima in this study and those from other regions are likely a result of the 
difference between the ranges of conductivity in each of the studies. 
 
Table 3.5. Comparison of conductivity optima (µS/cm) from this study and eight others from different 
regions. 
 This 
study 
Gasse 
et al. 
1995 
Philibert 
et al. 
2006 
Potapova 
and 
Charles 
2003 
Reed 
1998 
Reed et 
al. 2012 
Tibby 
and 
Reid 
2004 
Van 
Dam et 
al. 1994 
Yang et 
al. 2003 
Conductivity range 
µS/cm 
68 - 
376 
40 – 
50,000 
6 – 
14,030 
10 – 
14,500 
150 – 
338,000 
142 – 
125,000 
53 – 
1,065  
119 – 
116,500 
Actinocyclus 
normanii 
236      575 1,780 – 
3,437 
 
Amphora libyca 241  1,611 416     523 
Bacillaria paxillifera 219 13,490 2,401     3437 – 
15,447 
 
Halamphora  
coffeaeformis 
239 10,715 1,720  16,540 33,963  < 1,780  
Halamphora veneta 187  3,748 515 7,160 – 
7,690 
 1,534 1,780 – 
3,437 
598 
Hantzschia 
amphioxys 
190 479 616  39,210 811  < 1,780  
Melosira lineata 188       3,437 – 
15,447 
 
Navicula erifuga 189 5,248 2,538  440 867  1,780 – 
3,437 
 
Nitzschia tubicola 186  199       
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 Several studies have developed transfer functions for conductivity (Ryves et al. 2002, Tibby 
and Reid 2004, Saunders et al. 2009, Saunders 2011) in different regions worldwide. The 
range of conductivity in this study was considerably smaller than other studies, however the 
WA PLS 2 component model performed well (r2 of 0.86 and jackknifed r2 of 0.69). Saunders 
et al. (2009) had a larger conductivity range (0 – 1571 µS/cm) and produced a WA c model 
with comparable r2 (0.82) and jackknifed r2 (0.66) values. Tibby and Reid (2004) had a 
conductivity range of 53 – 1065 µS/cm and produced a 3 component WA PLS model with a 
jackknifed r2 of 0.71. Ryves et al. (2002) developed a WA PLS 2 component model which 
performed better with r2 and jackknifed r2 of 0.96 and 0.88 respectively. The range of 
conductivity used by Ryves et al. (2002) was considerably larger (24 – 4072 µS/cm). Ryves et 
al. (2002) found that limited historical measured conductivity fell within the error range of the 
developed model, and trends were similar to other paleolimnological studies in the region. 
The transfer function produced in this current study for conductivity performed well compared 
to other studies with larger conductivity ranges. Conductivity has been inferred from a diatom 
based transfer function in south eastern Australia (Barr et al. 2014) and changes in 
conductivity linked to historical changes in climate and identified previous droughts in the 
region.  
 
Typically transfer functions are developed in regions that experience a large variation in water 
quality parameters. This variation allows for larger gradients than the current study, often 
phosphorus, to be examined and indicator diatom taxa to be determined. A transfer function 
developed by Tibby (2004) for southeast Australian water storages had a TP range of 0.0068 
to 0.451 mg/L, which is considerably larger than the TP range of the current study (0.005 – 
0.0615 mg/L). The WA PLS model for TP was more reliable with a jackknifed r2 of 0.69 
achieved by Tibby (2004) compared to a jackknifed r2 of 0.45 produced in the current study. 
Tibby (2004) suggested that TP model performance is better when the range exceeds 300 µg 
TP. A WA PLS TP model developed in northwest Europe (Bennion et al. 1996) that combined 
six regional datasets to encompass 164 sites and a TP range of 0.005 – 1.19 mg/L achieved 
a two component r2 of 0.91. The TP model developed in the current study is not as strong as 
models in other regions with larger ranges in TP. However, this current transfer function was 
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 developed as a regional tool and given that the entire range of TP of the region was included 
in the training set inclusion of TP values and indicator taxa out of this range would add value. 
 
This study is the first to provide information on ecological preferences (optimums and 
tolerances) of diatoms in subtropical Australian reservoirs. Transfer functions developed in 
this study are as statistically significant as other studies with the same parameters, This work 
has provided a tool that can be used to infer past environmental parameters using sediment 
core diatom assemblages taken from reservoirs in south east Queensland to assess changes 
in the history of the reservoir and will be tested in Chapter 4. Furthermore, this work provides 
a foundation for the incorporation of diatoms into regular water quality monitoring programs in 
south east Queensland reservoirs. The addition of diatoms could provide a more cost 
effective and integrated assessment of reservoirs in the region for both water managers and 
researchers to use.  
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 Chapter 4 - Effect of an extreme inflow event on the integrity of the 
paleolimnological record of a subtropical reservoir 
4.1 Introduction 
The use of paleolimnological techniques in freshwater lakes and reservoirs to reconstruct 
historic changes in water quality and rates of sedimentation is increasing (Donar et al. 1996, 
Rosen and Van Metre 2010, Tibby et al. 2010, Fontana et al. 2014, Winston et al. 2014). 
Paleolimnology has been used in many freshwater lakes (Ryves et al. 2002, Barr et al. 2014). 
In contrast, reservoirs are challenging environments to apply paleolimnological techniques 
because they have complex hydrology (Wetzel 2001) and often large fluctuations in water 
level (Shotbolt et al. 2005). These fluctuations have the potential to disrupt the sediment 
record (Shotbolt et al. 2001) by resuspending and transporting sediment previously deposited 
in the reservoir (Effler and Matthews 2004) in addition to transporting sediment into the 
reservoir from the catchment. Despite these concerns, paleolimnological techniques have 
been successfully used in reservoirs to: determine changes in diatom communities since 
construction (Donar et al. 1996); to provide information on historic water quality changes (Dixit 
et al. 1999, Tremblay et al. 2001, Costa-Boddeker et al. 2012, Fontana et al. 2014, Winston et 
al. 2014); and to identify historic changes in hydrodynamics (Tibby 2001, Liu et al. 2012). The 
application of paleolimnological techniques in reservoirs requires further investigation, 
especially in subtropical climates, as these reservoirs are subject to large episodic rainfall 
events and significant fluctuations in water level due to major catchment inflows. The 
reliability of data derived from paleolimnological techniques in reservoirs needs validation.  
 
Catchment landuse and the magnitude of an inflow determines the quantity of sediment 
transported and extent of resuspension that occurs in a reservoir (Julien 2010).  This is 
especially so in subtropical and tropical regions, that experience episodic rainfall. During 
major inflow events, sediments eroded from the catchment, including the channel systems in 
the upper reaches of the reservoir may be scoured and carried further in the main body of the 
reservoir (Shotbolt et al. 2005). These sediments are generally deposited within the deeper 
basins of the reservoir, and result in allochthonous material being recorded in sediment cores 
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 that is not representative of the overlying historical water column (Tibby et al. 2010). The 
incorporation of allochthonous material into the sediment record creates challenges for the 
use of paleolimnological techniques in subtropical reservoirs as it may result in an inaccurate 
reconstruction of historic water quality.  
 
It is essential to establish accurate chronology for the application of paleolimnological 
techniques. Common techniques use fallout radionuclides (210Pb and 137Cs) to age sediment 
sections within a core (Olley et al. 2013). Radionuclides have been used successfully to date 
sediments in reservoirs using 137Cs (Van Metre and Callender 1997, Rosen and Van Metre 
2010), 210Pb (Marsicano et al. 1995, de Souza et al. 2012) and both 210Pb and 137Cs (Simms 
et al. 2008, Tibby et al. 2010, Woodbridge et al. 2014).While radionuclides have been used to 
successfully date reservoir sediments, a few studies have encountered problems with these 
techniques. Tibby (2010) observed a 210Pb profile that was not suitable for dating in a 
reservoir in the temperate region of Australia, and Wasson et al. (1987) found elevated levels 
of 210Pb at the base of two cores which rendered dating inaccurate (Burrinjuck reservoir, New 
South Wales, Australia). The 210Pb decay profile of sediments can be impacted by different 
sediment sources (Wallbrink 2004) and invalidate this method of estimating sedimentation 
rates within reservoirs (Tibby 2001). Other factors affecting 210Pb as a viable option for 
sediment dating include changes in sedimentation rates, variation in grain size and  
groundwater movement into the reservoir (Wasson et al. 1987). 
 
This study examines the impact of an extreme inflow event on the sediment record of a large 
reservoir in a subtropical climate using radionuclide (210Pb and 137Cs) and diatom assemblage 
analysis by collecting sediment cores before and after an extreme event. The aim of this 
study is to determine the effect of an extreme inflow on the integrity of the sediment record 
and assess the reliability of paleolimnological techniques.  
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 4.2 Materials and methods 
4.2.1 Site description 
Wivenhoe Dam (27°23ʹS, 152°36E) (Fig 4.1) is located on the Brisbane River and 
construction was completed in 1984. It is the largest reservoir (full capacity 1,165,238 ML plus 
flood storage 1,450,000 ML) in south east Queensland (SEQ). In addition to providing flood 
mitigation for the city of Brisbane, it is the main water supply for over 2 million people 
(Australian Bureau of Statistics 2013). Wivenhoe Dam forms a dendritic lake in a flooded river 
valley, approximately 50 km long and has a maximum depth of 39 m at the dam wall at full 
supply. There are multiple sources of inflow throughout the reservoir, with two major rivers 
leading into the upper reaches, the Upper Brisbane River and the Stanley River (Fig 4.1). 
Upstream on the Stanley River is Somerset Dam. While Somerset Dam can moderate flow 
and trap significant sediment load from the Stanley River, it releases water during large 
precipitation events and under base flow/no flow conditions. 
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Figure 4.1. A. Location of Wivenhoe and Somerset catchment in subtropical south east Queensland, 
B. location of Wivenhoe Dam and Somerset Dam in Brisbane River, and Stanley River catchments 
respectively and location of sampling site within Wivenhoe Dam, circle shows location of sediment 
core collection. 
 
The Wivenhoe Dam catchment area is 7,020 km2 with (47%) of the land used for grazing. 
Other land uses include natural forest (49%), nature conservation, agriculture and residential 
(4%) (Grinham et al. 2012). South east Queensland has a subtropical climate and receives 
the majority of its rainfall from episodic events during the summer months (Bureau of 
Meterology 2013). The average annual rainfall at the Wivenhoe Dam wall was 713 mm over 
the previous 16 years (1995 to 2010) (Bureau of Meteorology 2014). From 1984 to 2010 there 
have been 11 large inflow events that have filled the Dam to above 100% capacity. In January 
56 
 
 2011 the largest rainfall event on record (Queensland Climate Services Centre 2011) 
occurred in the Wivenhoe Dam catchment, with over 460 mm of rain falling (65 % of the 
average annual rainfall) in a 4 to 10 day period, with record inflows of 2,650,000 ML into the 
reservoir over a four day period (Seqwater 2011) (Fig 4.2). This rainfall event provided the 
opportunity to compare sediment cores collected pre and post extreme inflow. 
4.2.2 Long term monitoring 
An automated vertical water quality profiler (YSI 6600 V2 pontoon mounted vertical profiler, 
YSI Inc., Florida) was installed near the dam wall from 2009 to 2011 (Fig 4.1). Turbidity 
profiles of the entire water column at one meter intervals were recorded every two hours. 
Reservoir water level is continuously monitored every 15 minutes at the dam wall. Rainfall is 
monitored using a tipping-bucket rain gauge and reported at daily intervals at the dam wall 
and are presented here as weekly totals (Fig 4.2). 
4.2.3 Sediment core collection 
Two sediment cores were collected from Lake Wivenhoe adjacent the dam wall. One core 
was collected in October 2010, prior to the extreme inflow event and second core was 
collected in April 2011 after the extreme inflows in January 2011 and following reduction of 
turbidity in the water column.  Cores were collected from the same location in approximately 
30 m of water in the historic river channel (Fig 4.1). The sediment cores were retrieved using 
a boat platform and a gravity corer (Envco, New Zealand, 68 mm diameter). Water above the 
sediment surface of the cores was gently siphoned using tubing and a 50 ml syringe. Each 
core was extruded directly after collection and sectioned into 1 cm intervals. Sediment 
samples were placed in Ziplock bags and transported on ice to the University of Queensland 
laboratory for analysis. The sediment core collected pre inflow (October 2010) was 39 cm 
long and the post inflow sediment core (April 2011) was 35 cm.  
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 4.2.4 Radionuclide analysis 
Bulk density of each sample was calculated by weighing a known volume of sediment and 
drying it in an oven at 60 °C until the dry weight was stable (Bengtsson and Engell 1986). 
Sediment grain size was quantified using laser diffraction on a Mastersizer 2000 (Malvern 
Instruments Ltd) with 1 minute of sonication prior to measurement (Sperazza et al. 2004).  
Samples for radioisotope analysis (210Pb and 137Cs) were dried at 60 °C and ground into a 
powder, then sent to the Australian Nuclear Science and Technology Organisation (ANSTO) 
for analysis. The samples were counted according to ANSTO method ENV-I-044-404 
Operation of the Compton Suppression Gamma Spectrometers in B34 using Genie 2000 
software.  210Pb activity was determined using the 46.5keV peak and 137Cs activity was 
determined using the 662 keV peak following removal of the 214Bi peak interference. 
Sediment ages were normalised for grain size (see below) and calculated according to the 
constant initial concentration (CIC) 210Pb dating model where the decay profile was linear.    
4.2.5 Diatom analysis 
Samples for diatom analysis were prepared using cold digestion of organic matter with 30% 
hydrogen peroxide (Battarbee et al. 2001).  Samples were then dried on a coverslip, inverted 
and made into permanent slides using Naphrax.  A minimum of 400 valves (Rimet and 
Bouchez 2012) were counted from each sample using 1000x magnification on a Nikon 80i 
light microscope with differential interference contrast. Taxon relative abundance was 
calculated as a percent of total counts. Diatoms were identified to species/taxon using 
Australian (Foged 1978, Gell et al. 1999, Sonneman et al. 2000) and international (Krammer 
and Lange-Bertalot 1991a, 2008a, b, Krammer and Lange-Bertalot 2010) guides. A list of taxa 
identified can be found in Appendix 1 and corresponding micrographs are located in Appendix 
2. 
4.2.6 Data analysis 
Diatom taxa that contributed less than 1% of total relative abundance in one sample were 
removed to reduce the effect of rare species (Tibby et al. 2010). Multivariate analyses were 
undertaken in Primer 6 (Clarke and Gorley 2006). Diatom counts were standardized and 
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 square root transformed to normalize data. Resemblance matrix of the data was generated 
using Bray Curtis analysis. A nonparametric multidimensional scaling diagram (NMDS) of the 
resemblance matrix was performed to visualise the differences between diatom assemblages, 
and cluster analysis with similarity profiles (SIMPROF) were performed to determine 
significant levels of similarity between samples (Clarke et al. 2008). Comparison of diatom 
assemblages between the two cores was plotted using C2 (Juggins 2007) presenting the 22 
diatom taxa that were found in relative abundances >1% at one or more sites in order to 
visualise the dominance of specific diatom taxa throughout each core.  
4.2.7 Conductivity and total phosphorus reconstruction 
Reconstructions of specific conductivity and total phosphorus (TP) were derived from transfer 
functions developed in Chapter 3. The data set used to develop the transfer functions 
comprised 86 samples from 15 reservoirs in SEQ and multiple models (classical Weighted 
Averaging (WA c), WA/TOL c (classical Weighted Averaging downweighted by the tolerance), 
WA In (inverse weighted averaging), WA/TOL In, Weighted Averaging Partial Least Squares 
(WA-PLS) and Maximum Likelihood (MaxLlhd)) were tested using the program C2 version 
1.7.6 (Juggins 2007). WA-PLS regression fitted the parameters the best (conductivity r2 of 
0.87 and jackknifed r2 of 0.69, and TP r2 of 0.90 and jackknifed r2 of 0.45) and was used for 
reconstructions in this study.  
4.3 Results 
4.3.1 Turbidity 
Prior to the January 2011 event, turbidity levels remained low throughout several significant 
rainfall events and corresponding catchment inflows that increased the dam volume (Fig 
4.2A). However, the extreme inflow event in January 2011 resulted in water column turbidity 
increasing from a long term average of 2.6 NTU to over 600 NTU (Fig 4.2B).  
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Figure 4.2. A) Weekly rainfall (bars) from Wivenhoe dam wall and reservoir water level height (solid line) as percentage of full supply from 
2009 to 2011, and B) Water column turbidity profiles from automated vertical profiler adjacent to Wivenhoe Dam wall from 2009 to 2011, 
highlighting the turbid inflows experienced during January 2011 relative to previous inflow events. Timing of sediment core collection is 
indicated.  
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 4.3.2 Radionuclide analysis 
Unsupported 210Pb activity decreases through the pre inflow core (Fig 4.3) in a pattern of 
monotonic decay. 137Cs was present through the entire pre inflow core (with one 
exception), indicating the sediments had been deposited post 1954, validating the 210Pb 
chronology. The post inflow core demonstrated mixed sediment as indicated by no pattern 
of decreasing 210Pb activity with depth (Fig 4.3A).137Cs was reported through the entirety of 
both pre and post cores (Fig 4.3B). The estimated age from the deepest section of the pre 
inflow core (38 cm) was 33.1(±4.3) years (Fig 4.3C). The average rate of sedimentation in 
the pre inflow core was 1.15 cm yr-1. Bulk density of the pre inflow core increases from the 
top to the bottom, with a slight decrease in the bottom two sections (Fig 4.3D). The post 
inflow core had a 210Pb profile that was unsuitable for dating using lead chronology. The 
bulk density of the post inflow core is almost a reverse of the pre inflow core, with the 
greatest density at the top of the core and decreases towards the bottom, with increases at 
the bottom of the core.  
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Figure 4.3. Unsupported 210Pb decay of pre and post inflow cores (A), 137Cs activity (B), 
estimated age of pre inflow core (C) and bulk density of each sample (D). 
4.3.3 Diatom assemblages 
In the pre inflow core 35 diatom taxa were observed in total. Four taxa, Aulacoseira 
granulata Ehrenberg, Aulacoseira pusilla Meister, Navicula trivialis Lange-Bertalot and 
Synedra acus Kützing were found in all sections of the pre inflow core, with the abundance 
of A. granulata increasing with depth down the core. The three samples (16, 21 and 27 
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 cm) that had the lowest abundance of U. acus (8, 6 & 5 %, respectively), coincided with 
the highest abundance of A. pusilla (16, 31 & 28 %, respectively). Achnanthidium 
minutissimum Kützing is present in the top six samples of the pre inflow core, with greatest 
abundance in the surface section, decreasing down the core and the taxa disappears from 
the sediment record at 31 cm. 
 
In the post inflow core 36 diatom taxa were observed. Three taxa; A. granulata, A. pusilla 
and Discostella stelligera (Cleve & Grunow) Houk and Klee, were found in all sections of 
the post inflow core. The abundance of each of these three taxa throughout the core is 
sporadic; there is neither an increase nor decrease with depth. A. minutissimum was 
present in the bottom four samples (18, 22, 25, 29 cm). Dominant taxa only observed in 
the post inflow core include D. stelligera, Discostella pseudostelligera (Hustedt) Houk and 
Klee, and Stephanodiscus sp. 
 
Overall 22 taxa contributed at least 1% in one or more sample from either core. Dominant 
taxa observed in both cores include A. minutissimum, A. granulata, A. pusilla Meister, 
Cyclotella meneghiniana Kützing, Cyclotella ocellata Pantocsek, and U. acus (Fig 4.4), 
while A. ambigua and Navicula trivialis were only observed in the pre inflow core. The 
pattern of diatom assemblages of the pre inflow core are not observed in the post inflow 
core, however there are similarities in abundances of individual taxa. For example, A. 
minutissimum and A. ambigua are found in similar abundances in both the surface pre 
inflow core (0 cm) and in the 25 cm sample of the post inflow core. In addition, the 21 cm 
pre inflow sample and the 18 cm post inflow sample have similar abundances of A. 
minutissimum, A. granulata, A. pusilla and U. acus. There are differences in abundance of 
individual taxa as well, with C. meneghiniana and D. stelligera absent from the surface pre 
inflow sample and were observed in the 25 cm sample of the post inflow sample. Similarly, 
N. trivialis was observed in the 21 cm pre inflow sample but not the 18 cm post inflow 
sample and D. stelligera was not present in the 21 cm pre inflow sample but was recorded 
in the 18 cm post inflow sample.  
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Figure 4.4 Twenty-two diatom taxa that contribute at least 1% in one or more sample from cores taken from Wivenhoe dam wall. Samples are in order 
of depth, and shaded area is the post inflow core. 
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 4.3.4 Data analysis 
Nonparametric multidimensional scaling (NMDS) (Fig 4.5) illustrates the difference in the 
two distinct groups (entire pre inflow core and 12-29 cm of post inflow core as group 1 and 
0-9 cm of post inflow core as group 2) created by the diatom assemblages of the two 
sediment cores by overlying the cluster analysis. Cluster analysis separated the diatom 
assemblages into two distinct groups. The entire pre inflow core and the bottom five 
samples of the post inflow core (0-37 cm and 12-29 cm respectively) were separated into 
one group at 50% similarity profile, while the top four sections of the post inflow core (0-9 
cm) were separated into a second group.  
 
Figure 4.5. Nonparametric multidimensional scaling diagram of diatom assemblages from core 
sections, numbers represent core depth (cm), 50% similarity from Simprof test. 
4.3.5 Reconstructions 
Reconstructions of specific conductivity and TP differ between the pre and post inflow 
cores (Fig 4.6) when depths are directly compared. The pre inflow core has a diatom 
inferred conductivity that is generally lower than the post inflow core, in particular the top 
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 four (0 – 9 cm) samples. The diatom inferred total phosphorus is similar between the pre 
and post inflow cores. The third sample (6 cm) in the post inflow core is much higher than 
the rest of the samples due to the elevated relative abundance of Stephanodiscus sp 
which was reported as TP tolerant in Chapter 3.  
 
 
 
Figure 4.6 Diatom inferred conductivity (A), and TP (total phosphorus) (B) through both pre and 
post inflow cores.  
4.4 Discussion 
The two order of magnitude increase in turbidity that occurred at the dam wall during the 
extreme inflow was the result of erosion in the catchment and consequently sediment 
being transported with the inflow waters. The source of erosion in the Wivenhoe catchment 
has been reported as mostly from subsoil, including channel banks and gulley systems 
(80%) and uncultivated land (20%) (Wallbrink 2004). This is supported by Olley et al. 
(2013) who also found the dominant source of sediment in the region was eroded from 
channels in the catchment. Radionuclide concentrations can vary between catchment land 
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 uses as sources of sediment during erosion (He and Walling 1996, Wallbrink 2004), and 
concentrations of 137Cs in suspended sediments differ between low flow and flood 
conditions (Wallbrink et al. 1998). 
 
The integrity of the sediment record differed between the two cores. Prior to the extreme 
inflow event in 2011 the sediment core collected consisted of a decreasing 210Pb profile 
that is typical of cores retrieved from lake and reservoir environments. However, the post 
inflow core could not be used for lead chronology as there was no monotonic decay 
pattern in the 210Pb profile, with unsupported 210Pb activity increasing below the surface 
section. The rate of sedimentation reported in the pre inflow core (1.15 cm yr-1) is toward 
the lower end of sedimentation values of other reservoirs in Australia (0.92-1.42 cm yr-1 
(Tibby et al. 2010) and 2.6 cm yr-1 (Wasson et al. 1987)). The bulk density profiles of the 
two cores are almost completely reversed. Overall, the pre inflow core follows the 
expected pattern of increasing bulk density with depth (Glew et al. 2001), however the bulk 
density of the post inflow core increases with core depth. This change in decay and bulk 
density profiles between the cores is likely due to sediment deposition or resuspension as 
a result of the extreme inflow event. Wasson et al. (1987) reported in Burrinjuck reservoir, 
NSW, variation in 210Pb that was not suitable for dating and concluded that the variation of 
210Pb in the reservoir sediments was likely the result of different sediment sources. The 
increase in 210Pb activity through the post inflow core is potentially the result of sediment 
being derived from a different source during this extreme event. 
 
The 210Pb derived age of the bottom sample of the pre inflow core corresponds to the 
period of time that the dam wall was under construction. The 210Pb decay profile of the pre 
inflow core decreased with depth, suggesting much of the water quality history of the 
reservoir was captured.  The ages calculated from the 210Pb analysis of the pre inflow 
core, indicates the top three sections taken would be associated with a period of time 
when the water level in the reservoir was declining, due to drought conditions that lasted 
several years. With reduced inflows in this period the water column would have been more 
stable and provided an ideal environment for Ulnaria acus to grow, as it has been reported 
to become abundant when the water column is more stable (Harris and Baxter 1996).  The 
abundance of A. minutissimum, prior to the extreme inflow in January 2011, was 
increasing with reservoir age. Achnanthidium minutissimum has been reported as an 
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 epiphytic taxa, and found in highest abundances in water less than 10 meters (Wang et al. 
2012).  However, the coring site has not been below 10 m since 1987, the shallowest the 
site has been since then was 10.76 m in August 2007. For the first 15 years following the 
completion of the dam wall A. ambigua increased in abundance and then disappeared 
after 20 years. Aulacoseira ambigua was not recorded in the post inflow core, which may 
be an indication that the entire post inflow core was deposited as a result of the extreme 
inflow, with the previous record still intact deeper in the sediment profile.  Aulacoseira 
granulata and A. pusilla were found through the entire core, although the abundance of A. 
pusilla was declining with reservoir age.  
 
 The diatom assemblage of the pre inflow core and the bottom of the post inflow core (12-
29 cm) exhibits stark differences to the top 9 cm of the post inflow core as demonstrated 
by the NMDS (Fig 4.5). The diatom assemblage of the entire pre inflow core is more 
closely aligned with the bottom section of the post inflow core, (12-29 cm) than to the top 9 
cm of the post inflow core. The top 9 cm of the post inflow was likely deposited as a result 
of the inflow event, although the abundances of specific diatoms (taxa) do not align before 
and after the extreme inflow, in the bottom part of the post inflow core.  
 
Reconstruction of historic water quality variables from the diatom assemblages of each 
core result in different interpretations of historic water quality conditions. The diatom 
inferred water quality parameters of the pre inflow core are similar to the bottom section of 
the post inflow core (12 -29 cm). Changes in water quality based on the pre inflow core 
appear to be reasonably stable with slow increases in all parameters. Interpretation based 
solely on the post inflow core would indicate that during the reservoirs life water quality has 
declined rapidly, with increasing conductivity and spikes in TP. The pre inflow core 
provided more accurate insights to the ecological history of Lake Wivenhoe, however since 
the extreme inflow in January 2011 the sediment record has been disturbed. In the future, 
variability of rainfall in the region is expected to increase, with more extreme precipitation 
events expected to occur (Cai and van Rensch 2012). This will influence the applicability 
of paleolimnological techniques for reconstructing historic water quality conditions and 
estimating sedimentation rates in subtropical reservoirs.  
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 The extreme inflow that occurred in January 2011 impacted the integrity of the sediment 
record in Lake Wivenhoe, with respect to 210Pb activity, diatom community structure and 
diatom inferred water quality. This study highlights the necessity of understanding the 
influence extreme inflow events can have on the sediment record and associated diatom 
assemblage of subtropical reservoirs in paleolimnological studies. Prior to the extreme 
event the diatom assemblage and sediment record of Lake Wivenhoe would have been 
insightful for reconstructing past water quality conditions and estimating sedimentation 
rates using sediment dating techniques. Further investigations, including collecting longer 
cores would need to be undertaken in the future to evaluate if it is possible to identify this 
extreme inflow within a core years, instead of months, after the event. 
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 Chapter 5 – Changes in the sediment diatom record of a new reservoir, 
Wyaralong 
5.1 Introduction 
Diatoms are robust indicators of change in environmental conditions. The abundance of 
individual diatom taxa in aquatic systems can be influenced by several factors including 
light and nutrient availability, conductivity (Reed 1998, Yang et al. 2003, Stevenson et al. 
2008), catchment land use (Blinn and Bailey 2001a, Bere and Tundisi 2011) and 
hydrodynamics (Wang et al. 2009). Both benthic and planktonic diatoms can be found in 
the sediment record, with paleolimnological studies using diatoms to provide insight into 
historic water quality conditions of reservoirs (Bradbury and Van Metre 1997, Tibby 2004, 
Costa-Boddeker et al. 2012). 
 
The construction of dams and subsequent filling of the new reservoir changes the 
hydrodynamics and physiochemical parameters of the impounded water course. In 
response to these changes the diatom assemblage also changes (Donar et al. 1996). The 
former stream will become deeper, with light potentially no longer reaching the submerged 
substrate. While streams and rivers are dominated by benthic diatom taxa, planktonic 
diatom taxa dominate reservoir environments. As a new reservoir fills there should be a 
transition from benthic to planktonic diatom taxa. Previously, a transition from benthic to 
planktonic diatom taxa has been identified in a sediment core and used to quantify the  
eutrophication history of a reservoir (Donar et al. 1996) approximately 60 years after the 
dam was completed. 
 
Reservoirs are constructed primarily to supply water, whether it is for drinking water or 
irrigation purposes. As reservoirs are located on river systems, they often act as sediment 
traps and generally have higher rates of sedimentation than natural lakes. Sedimentation 
rates in reservoirs are influenced by catchment management, land use, climate and 
reservoir size (Chanson 1998b, Dunbar et al. 1999, McAlister et al. 2013). Large amounts 
of sedimentation in reservoirs may occur during major inflow events (Langland and Hainly 
1997)(Chapter 4).  
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 A unique opportunity was presented to track the change in the sediment diatom 
assemblage as a stream (Teviot Brook) transitioned from a riverine to a lacustrine 
environment following completion of a new dam wall (Wyaralong) and subsequent filling of 
the new reservoir in January 2011. The aim of this study is to determine whether the 
sediment fossil record clearly recorded the transition from benthic to pelagic diatom 
assemblages in the new reservoir.  
5.2 Methods 
5.2.1 Site description 
Wyaralong Dam (27°54'S, 152°52'E) is situated on Teviot Brook in south east Queensland 
(Fig 5.1). Wyaralong is the youngest reservoir in the region with dam wall completion 
occurring late in 2010. This dam was built as part of the water security plan in south east 
Queensland during the millennium drought to provide the region with an additional source 
of drinking water in the future. Within a month of completion the reservoir filled to capacity 
and overflowed due to heavy rainfall in south east Queensland during January 2011 
(Australian Bureau of Meteorology 2011). The region experienced another period of heavy 
rainfall in January 2013 (both rainfall events were in the 90th percentile (Australian Bureau 
of Meteorology 2013) with the second highest stream flow in the catchment recorded 
(DNRM 2014)), which also resulted in the reservoir filling to capacity and overflowing (Fig 
5.2). The reservoir is 26 km long, with a maximum depth of 27.6 m, an average depth of 
8.5 m and a surface area of 1233 ha at full supply (holding 102,884 ML). The catchment is 
546 km2 and is highly modified with land use made up of agricultural/horticultural (80%), 
forested (18%) and urban (2%). Water level height is monitored daily at the dam wall by 
Seqwater. Physicochemical parameters (water temperature, pH, conductivity, turbidity and 
dissolved oxygen) are measured monthly with a YSI 6600 sonde (YSI inc., Florida) by 
Seqwater. Sediment samples were obtained from the same location using both a Van 
Veen sediment grab and a gravity corer.  
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Figure 5.1 Location of Wyaralong dam in SEQ (A) and sampling site (circle) within Wyaralong Dam 
(B).  
 
5.2.2 Sample collection 
All samples were collected from one sampling site (27°55ʹS, 152°51ʹE) within Lake 
Wyaralong (Fig 5.1). Sampling location is located in the transition zone of the reservoir 
where sediments would not have been disturbed during construction of the dam wall. This 
was a historical monitoring site (as this was a potential location for a reservoir) and was 
situated in an area which would be at least 20 m deep at full supply. The selection of this 
site ensured that diatom assemblage post reservoir filling would transition from benthic to 
pelagic. Water depth at time of sediment collection was 0.5 m during 2009 and 21 m for all 
consecutive sampling events (2011, 2012 and 2013).  Surface sediment samples were 
collected once during dam wall construction (10 July 2009), and twice from within the 
reservoir following completion and subsequent filling (20 September 2011 and 05 June 
2012) using a Van Veen sediment grab (Bernardez et al. 2008), the top 1 cm of sediment 
was collected for diatom analysis. A 38 cm sediment core was collected on 30 April 2013 
using a boat platform with a gravity corer (Envco, NZ, 68 mm diameter). Water above the 
sediment surface of the core was gently siphoned and the core was sectioned into 2 cm 
intervals. Each sample was placed in a ziplock bag and kept at 4°C until sample 
preparation. Samples are referred to as the year of their collection for the surface sediment 
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 samples and as A – S for samples from the 2013 core. Core sample A is the top of the 
core (surface sediment) and S is the bottom sample collected from the core.  
5.2.3 Laboratory analysis 
Sediment samples were prepared using a cold hydrogen peroxide digestion method 
(Battarbee et al. 2001). Permanent slides were made by drying 1 ml of solution on a 
coverslip and fixing to a slide using Meltmount™ (refractive index similar to Naphrax, 
1.704). Between 300 and 500 valves (Tibby and Reid 2004) were counted at 1000x 
magnification using differential interference contrast on a Nikon 80i light microscope. 
Diatom identification was undertaken using Australian (Foged 1978, John 1983, Gell et al. 
1999, Sonneman et al. 2000) and international diatom guides (Krammer and Lange-
Bertalot 1991a, 2008b, a, Krammer and Lange-Bertalot 2010). A list of taxa identified can 
be found in Appendix 1 and corresponding micrographs are located in Appendix 2. 
5.2.4 Data analysis 
Raw diatom counts were standardised and expressed as relative abundance. Diatom taxa 
that contributed at least 1% in one sample were retained for statistical analysis (Taffs et al. 
2008). Data was square root transformed  and nonparametric multidimensional scaling 
(MDS) and Hierarchical Cluster analysis (cluster) were undertaken using Bray Curtis 
resemblance in Primer 6 (Clarke and Gorley 2006). Similarity profile permutation tests 
(SIMPROF tests) were undertaken in conjunction with the cluster analysis to determine the 
level of similarity between samples (Clarke et al. 2008). Diatom taxa were plotted using C2 
(Juggins 2007) to visualise changes of dominance over time. The positioning of the 
samples collected in 2011 and 2012 amongst the core samples in C2 was determined 
using the location of these samples in the SIMPROF tests of the cluster analysis and 
placed with the samples that shared the greatest amount of similarity. 
5.3 Results 
5.3.1 Physicochemical parameters 
Water level at the sampling site changed following completion of the dam wall (December 
2010) and resulted in the sampling site going from approximately 1 m deep (prior to Dec 
2010) to over 21 m deep (Figure 5.2A). Heavy rainfall during late December 2010/ early 
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 January 2011 filled the reservoir above 100% capacity and again in 2013 (Fig 5.2A). 
Under normal flow conditions it was anticipated to take years for the reservoir to fill. 
Catchment inflows in both 2011 and 2013 increased turbidity levels at the sampling site 
from an average of 5 NTU to approximately 100 NTU (Fig 5.2B).  
 
Prior to dam wall completion the conductivity of Teviot Brook was frequently above 1000 
µS/cm (Fig 5.2B), with an average of over 1500 µS/cm. Declines in conductivity of the 
stream were associated with rainfall and increased stream flow and decreased turbidity. 
The conductivity decreased to an average of 440 µS/cm following completion of the dam 
wall (Fig 5.2B) due to lower conductivity catchment inflows that filled the reservoir. The 
conductivity declined from what is classified as very high conductivity (>1000 µS/cm) to a 
classification of generally moderate but variable (200-500 µS/cm) (QLD WQ guidelines 
2009). 
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Figure 5.2 (A) Wyaralong reservoir water level height over time (black line) and height of full supply (dashed line, 100% capacity). Weekly rainfall 
shown as grey bars. Timing of dam wall completion and four sampling events are shown (surface sediment samples in 2009, 2011 and 2012 and core 
extraction in 2013). Samples taken in 2009 were prior to dam wall completion during stream conditions. (B) Conductivity (black line) and turbidity 
(grey line) at the sampling site between March 2009 and June 2013. 
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 5.3.2 Diatom assemblages 
Eighty nine diatom taxa were identified from the samples collected across all sampling 
events. Of these 89 taxa, 41 contributed over 1% to the relative abundance of least one 
sample. Dominance of diatom taxa changed over the four year period that sampling took 
place (Fig 5.3). Abundant taxa (> 30% relative abundance in at least one sample) include 
Aulacoseira ambigua (Grunow) Simonsen, Aulacoseira granulata (Ehrenberg) Simonsen, 
Aulacoseira pusilla Meister, and Ulnaria acus (Kützing) M.Aboal.  
 
During 2009 benthic taxa dominated the diatom assemblage (Fig 5.3), with four taxa found 
contributing over 5% relative abundance in Teviot Brook were Halamphora coffeaeformis 
(C.Agardh) Levkov, Bacillaria paxillifera (O.F.Müller) T.Marsson, Navicula sp, and 
Nitzschia sp 1. Several benthic taxa (Cocconeis placentula Ehrenberg, Denticula parva 
Hustedt, Gomphonema parvulum Kützing, Navicula cryptocephala Kützing, and Nitzschia 
sp 1) have higher abundances at the bottom of the core, decrease towards the top and 
then disappear from the core. Benthic diatom taxa are observed in the 2009 surface 
sediment sample and core samples O – S and are then replaced with planktonic taxa. 
 
The relative abundances of the diatoms observed in both the 2011 and 2012 sediment 
surface samples align well with core samples, with the placement of these samples 
amongst the core samples based on cluster analysis (see below). Surfaces sediment 
sample 2011 aligns between core samples H and I, while surface sediment sample 2012 
aligns between core samples E and F.  
 
The abundance of A. ambigua increases quickly from the bottom of the 2013 core and 
decreases in abundance at the top of the core. Aulacoseira granulata increases from the 
bottom of the core towards the top, however reaches higher abundances as A. ambigua 
decreases. Cyclotella meneghiniana Kützing and Ulnaria acus both increase towards the 
top of the core. Cyclotella ocellata Pantocsek is abundant in the diatom assemblage from 
core sample H, and persists in the diatom assemblage to the top of the core. At the top of 
the core the diatom with the highest abundance is U. acus.  
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Figure 5.3 Diatom taxa that contribute over 1% relative abundance in at least one sample. 2013 core sample is represented by letters A - S. 
Deepest core sample (S) is at the bottom of the diagram, with the top of the core (A) at the top of the diagram. 2009, 2011 and 2012 (shaded) 
refer to surface sediment samples collected during those years. Core sample 2013 B did not reach the minimum valve count (300).  
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 5.3.3 Diatom assemblage analysis 
One sample (2013 core sample B) had a reduced number of diatom valves (27 individual 
valves) in the prepared sample which consisted primarily of U. acus and A. granulata. 
Surface sediment samples collected in 2011 and 2012 have similarities with sections of 
the core collected in 2013 (Fig 5.4).The diatom assemblages can be separated into four 
distinct groups (Fig 5.4). The sediment sample collected in 2009 had unique diatom 
assemblage compared to the sediment surface sample from 2011 and 2012 and the core 
samples (A - S) that were collected in 2013. Core samples O - S have 50% similarity 
between them, and core samples C - N including surface sediment samples from 2011 
and 2012 also have 50% similarity. The two uppermost core samples (A and B) have 50% 
similarity between them, and are different to the remainder of the core samples (C-S). 
SIMPROF tests in the cluster analysis of the samples aligned surface sediment sample 
2011 between core samples E and F, and the 2012 surface sample between core samples 
H and I.  
 
Figure 5.4 Nonparametric multidimensional scaling of diatom taxa contributing over 5% of relative 
abundance to at least one sample. Circles represent 50% similarity in the Simprof test.  
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 5.4 Discussion 
The sediment diatom assemblage clearly recorded the shift from a stream environment to 
a predominately planktonic diatom assemblage to suit a reservoir environment following 
dam completion and filling. There is a clear shift from benthic taxa to planktonic diatom 
taxa. Previous studies have shown diatom assemblages are capable of responding rapidly 
to changes in environmental conditions with changes taking place over days, rather than 
weeks (40-60 days (Rimet et al. 2005)). All samples collected were separated into five 
groups based on similarities of their diatom assemblages. The diatom assemblage that 
dominated the surface sediments collected in 2009 consisted primarily of benthic diatom 
taxa (Halamphora coffeaeformis, Bacillaria paxillifera, Navicula sp, Nitzschia incerta 
(Grunow) Peragallo, and Tryblionella hungarica (Grunow) Frenguelli) that have a wide 
range of conductivities (200 - >5000 µS/cm). While benthic taxa were observed in other 
samples, particularly deeper in the sediment core, the relative abundance of individual 
taxa is considerably higher in the 2009 surface sediment sample (e.g Baxillaria paradoxa 
was reported with a relative abundance of 14% in the 2009 sample, while in all the other 
samples the greatest relative abundance was 2.4%). The 2009 sample was taken prior to 
the dam wall completion when the site was shallow (approx. 1 m) and the conductivity 
averaged above 1500 µS/cm. As conductivity is frequently an important variable in 
influencing diatom assemblages (Yang et al. 2003, Stevenson et al. 2008, Taukulis and 
Jacob 2009), it was expected that the 2009 sample would be dominated by benthic taxa 
tolerant of high conductivities. B. paxillifera in particular is often reported in higher 
conductivity waters of up to 5000 µS/cm (van Dam et al. 1994, Sonneman et al. 2000).   
 
 Aulacoseira pusilla was absent from core sample S, however, this taxa was observed in 
all samples of the bottom core group (O, P, Q & R). The absence of A. pusilla is likely the 
result of a transitional phase between stream and reservoir environment. Likewise, A. 
pusilla was absent from core samples A and B, as well as the 2009 surface sediment 
sample. As A. pusilla is commonly found in lakes and reservoirs (Tuji and Williams 2007) 
as a winter blooming taxa (Tsukada et al. 2006) it is likely the stream conditions in 2009 
and during deposition of core sample S were not ideal for growth of this taxa. Core 
samples A and B were likely been deposited either as part of, or following the inflow event 
of January 2013 (during the Austral summer), with the absence of A. pusilla a result of the 
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 core collection taking place prior to the 2013 winter. In addition to an absence of A. pusilla, 
core sample A had higher abundances of benthic diatoms (Nitzschia gracilis, N. incerta, N. 
subacicularis and N. tubicola) than the 2011 and 2012 surface sediment samples and core 
samples C - N that grouped together. Three of these taxa (N. gracilis, N. incerta and N. 
tubicola) are tolerant of conductivities from 200 µS/cm to over 5000 µS/cm (Sonneman et 
al. 2000). The presence of these benthic taxa and the absence of A. pusilla suggest that 
core sample A, at least in part, consists of allochthonous diatoms transported into the 
reservoir during the 2013 inflow.  
 
The reduced number of diatom valves in 2013 core sample B is likely due the inflow event 
that occurred three months prior to core collection (January 2013), and this section (B) is 
the result of sediment delivered to the reservoir during the event and consequently 
deposited. Due to the groups formed in in the cluster analysis, it appears that A – N of the 
2013 core is sediment that has been deposited since the construction of the dam wall and 
filling of the reservoir, in early 2011. The bottom sections (samples O – S) of the 2013 core 
is likely to have been deposited in the stream environment, immediately prior to and 
following dam wall completion and subsequent filling demonstrating a clear transition stage 
of the diatom assemblage. This would signify at least 28 cm (core samples A – N) of 
sediment has been deposited post dam wall completion would equate to a sedimentation 
rate in Wyaralong reservoir of approx. 12 cm yr-1, this is an order of magnitude higher than 
other reservoirs in the region approximately 1.15 cm yr-1 (Chapter 4). The significantly 
higher rate of sedimentation observed in Wyaralong is likely linked to the large amount of 
catchment that has been modified (80%) compared to the amount of modified catchment 
of the 15 reservoirs investigated in Chapter 3 (7 – 54%). With this amount of modified 
catchment turbid runoff following high rainfall events would be expected, which is observed 
in Wyaralong coinciding with decreases in conductivity (Fig 5.2B) The two top sections, 
core samples A and B, were likely deposited during the 2013 inflow that occurred over 
seven days. If the sedimentation rate of Wyaralong were to continue at this rate the impact 
on its ability to store water will be greatly impacted. 
 
Several reservoirs in Australia (the majority of these are in the southern, temperate region, 
states, i.e. New South Wales and Victoria) have become fully silted and consequently 
abandoned as water storages (Chanson 1998a). One of these reservoirs (Korrumbyn 
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 Creek reservoir in Murwillumbah) is located less than 80 km from the study region and is 
believed to have become fully silted, due to sedimentation, approximately six years after 
completion, much shorter than the expected design life of the dam. The high 
sedimentation rate has allowed observations of changes in the diatom assemblage easier 
in the short time since reservoir completion.  
 
This study demonstrates the distinct and rapid shift in diatom taxa from benthic to 
planktonic forms as a result of stream impoundment proving, and that diatoms can be 
used as an indicator of reservoir filling in the sediment record. Several paleolimnological 
studies (Donar et al. 1996, Costa-Boddeker et al. 2012, Fontana et al. 2014) have used 
cores to assess past diatom assemblages in reservoirs, however, this study is unique as 
surface sediment samples were collected prior to reservoir infilling and later compared to 
samples collected following reservoir filling.  The sediment diatom assemblages clearly 
reacted to the change in water level associated with the reservoir filling, not only does this 
provide a valuable insight into the historic diatom assemblages but could provide a low 
cost effective method of estimating sedimentation rates in subtropical Australian 
reservoirs.  
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 Chapter 6 – General discussion 
6.1 Review of thesis aims 
The overall aim of this thesis was to investigate the effectiveness of diatoms as 
bioindicators of water quality in reservoir environments. This aimed to increase 
understanding of diatoms in subtropical reservoirs in south east Queensland, and assess 
their suitability to be used as bioindicators of water quality. The objectives of this thesis 
were: 
1. Determine if the sediment diatom assemblage varies spatially at the same scale as 
water quality parameters in a reservoir  
2. Determine if diatoms in reservoirs can be used as bioindicators by developing 
transfer functions 
3. Determine if key events in the reservoir are recorded by diatom assemblages in 
sediment cores  
The above objectives were investigated in four studies. These studies found:  
Chapter 2 – This chapter addressed objective 1. The sediment surface diatom 
assemblage (Fig 2.4) and water quality parameters (Table 2.1) varied spatially 
from the dam wall to the upper reaches in the largest reservoir in south east 
Queensland, Wivenhoe Dam. The water quality parameters reflect typical 
reservoir zonation and can be separated into three zones, lacustrine, transition 
and riverine. Spatial variation in the diatom assemblages was more complex and 
can be attributed to a combination of the hydrological regime and water quality 
of each site. 
Chapter 3 – This chapter addressed objective 2. The successful development of 
transfer functions for subtropical freshwater storages was demonstrated for 
conductivity and total phosphorus and can be used to infer historic conditions 
(Fig 3.4). These are the first transfer functions that have been developed in 
subtropical Australian reservoirs. This provides water managers and 
researchers with a cost effective integrated tool for assessing recent and long 
term changes in drinking water reservoirs.   
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 Chapter 4 – This chapter addressed objective 3. Turbid catchment inflows from an 
extreme rainfall event disrupted the sediment record of a subtropical reservoir. 
The 210Pb (Fig 4.3) and 137Cs profiles and diatom assemblages of a sediment 
core were affected (Fig, 4.4 and 4.5) by the extreme inflow event. The necessity 
of understanding the influence of extreme inflow events can have on the 
sediment record of reservoirs is highlighted. Large inflow events are often well 
documented in reservoirs environments and these should be taken into 
consideration in future paleolimnological studies.  
Chapter 5 – This chapter addressed objective 3. This study was the first to collect 
surface sediment samples prior to reservoir infilling and compare the diatom 
assemblage to core samples collected following reservoir filling. The distinct shift 
from benthic to planktonic diatoms is clearly visible in the sediment record (Fig 
5.3) following the completion and filling of a new dam, Wyaralong. This shift in 
diatom forms, from benthic to planktonic, can be used to provide a cost effective 
indicator of sedimentation rates in reservoirs. 
 
This thesis found that diatom assemblages in subtropical reservoirs were most strongly 
influenced by conductivity and total phosphorus (TP), the sediment record of a reservoir 
can be impacted by extreme inflow events, and the shift from benthic to planktonic diatoms 
forms provides an estimate of sedimentation. The first optimums and tolerances of 
individual diatom taxa for conductivity and TP in subtropical Australian reservoirs have 
been reported in this study. The development of diatom transfer functions has been 
demonstrated to be useful for inferring historic conductivity and TP in subtropical 
reservoirs. The sediment record needs to be carefully interpreted, especially where there 
have been extreme inflows with high turbidity as this will disrupt the record and not 
accurately reflect the historic reservoir water quality conditions. During low flow and 
drought conditions diatoms in the sediment record are useful for estimating conductivity 
and TP. These findings suggest diatoms are effective bioindicators in subtropical 
Australian reservoirs.  
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 6.2 Comparison of methods used for diatom indices and transfer functions 
Diatom assemblages are used to develop both indices and transfer functions as a water 
quality monitoring tool. Diatom indices, such as tropic diatom index (TDI, (Kelly et al. 
2001)), and biological diatom index (IBD,(Coste et al. 2009)) are based on benthic diatom 
assemblages collected from stones in the littoral zone of rivers under low flow conditions. 
The TDI uses the relative abundance of individual diatom taxa along with a score of 
pollution sensitivity between 0 and 100 is used to measure eutrophication of a site, with 
planktonic diatoms excluded from the analysis. Planktonic diatoms are removed because it 
is viewed that they are not of quantitative importance in rivers. The IBD uses a 
combination of water quality parameters to create seven water quality classes. Presence 
probability of key diatom taxa in each of the water quality classes is calculated and further 
classification of a site within one of the classes is based on the relative abundance of key 
diatom taxa recorded.  
 
In comparison, transfer functions create a training set from sediment surface diatoms and 
through a series of analyses determine individual water quality parameters that have the 
strongest unique contribution to the variation between sites (Philibert et al. 2006). These 
individual water quality parameters are then used to develop optimums and tolerances for 
diatom taxa. Historic water quality conditions are inferred from samples taken from 
sediment cores, the transfer function is applied to the diatom assemblages. The use of 
transfer functions allows for insight into the history of a reservoirs water quality as well as 
understanding of the sedimentation rate, as demonstrated in this study. Both diatom 
indices and transfer functions provide valuable information, however there are two main 
issues with using a diatom index in subtropical Australian reservoirs.   
 
There are two main issues with developing a diatom index in subtropical reservoirs using 
the same sampling techniques as developed in previous studies. Firstly, the environment 
created by a reservoir extends beyond the photic zone whereas, indices are developed in 
photic littoral zones of the rivers and are designed to sample benthic substrates. As the 
environment shifts from a benthic dominated system to a planktonic system, the type of 
monitoring that is undertaken should match the environment. Diatoms from the planktonic 
zone will be more indicative of the water quality of the reservoir than diatoms collected in 
84 
 
 the littoral zone. Secondly, reservoirs as water supply systems experience large 
fluctuations in water level that are greater than natural systems (Shotbolt et al. 2005). 
During drought conditions the water level of reservoirs can recede to the historic river 
channel and during large floods the reservoirs fill to capacity. The difference in the shore 
line between drought and flood levels in a reservoir can be hundreds of meters, compared 
to an unmodified stream or river where the shoreline varies on a smaller scale. This 
variation in water level in a reservoir means there is no constant littoral zone in which to 
sample, at each sampling event it is likely a different substrate would be sampled for 
diatoms.  
6.3 Drivers of diatom transfer functions in a subtropical reservoir environment 
The distribution and composition of surface sediment diatom assemblages throughout 
SEQ reservoirs has been found to be driven primarily by conductivity and TP. The 
relationship between either conductivity (Davies et al. 2002, Ryves et al. 2002, Tibby and 
Reid 2004, Barr et al. 2014) or TP (Tibby 2004, Dong et al. 2008, Cremer et al. 2009) and 
diatom assemblages has been previously reported, however, this is the first time it has 
been reported within subtropical Australian reservoirs. Individual diatom taxa have also 
been identified as either tolerant or sensitive to both conductivity and TP. Monitoring 
changes in relative abundance of these taxa, in particular, will be useful for assessing 
ecological change. Diatoms will be able to successfully infer conductivity and TP in 
subtropical reservoirs of SEQ using either surface sediment diatom assemblages for 
overlying water column conductivity and TP or sediment cores to quantitatively infer 
historic trends in reservoirs in SEQ.  
6.4 Implications for reservoir management 
Management of reservoirs for drinking water supply in SEQ aims to provide safe, secure 
and cost-effective drinking water to the region. A whole of catchment approach is 
undertaken for water quality management, from source (catchment), to store (reservoirs). 
to supply (treated water). This requires understanding of the processes that occur naturally 
(including nutrient cycling and hydrodynamics) and as a result of human influence in the 
catchments (such as erosion and nutrient loading from agriculture). Water quality 
monitoring programs are often used to track long term trends of individual parameters (e.g. 
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 conductivity, TP and turbidity) within reservoirs at specific sites. Grab sampling for water 
quality monitoring provides a snapshot of water quality conditions at the time of sampling.  
As demonstrated in Chapter 2 from the long term water quality monitoring data, water 
quality of the largest reservoir, Lake Wivenhoe, follows typical spatial variation patterns of 
reservoir environments from the riverine inflow areas to the deeper lacustrine zone. Critical 
to water quality monitoring is to collect samples at regular intervals from each sampling 
site. Access to each site can be restricted by weather events such as large inflow events, 
as well as changes in water level as a result of drought which restrict access to sites 
especially in the upper shallower reaches of the reservoir. The incorporation of diatoms 
into the water quality monitoring program will support interpretation of water quality data 
during times when sites are inaccessible.  
 
Diatoms provide an integrated measure of the overlying water quality during low flow and 
drought conditions. Historic water quality trends can be inferred from diatom assemblages 
in sediment cores collected from reservoirs that do not have long term monitoring 
programs. Current and historic conditions will be able to be compared and produce trends 
for conductivity and TP of the history of the reservoir. Caution does need to be applied to 
interpreting diatom assemblages of cores collected from reservoirs especially following 
extreme inflows, as seen in Chapter 4. Knowledge of the history and timing of droughts 
and magnitude of flood events in the reservoir in which the work is being undertaken is 
vital otherwise the interpretation of the sediment diatom assemblages has the potential to 
create incorrect historic trends and provide inaccurate details of the previous water quality.  
 
The change from benthic to planktonic diatoms is useful in assessing changes in a 
reservoir’s history. This has been demonstrated in Chapter 5 in particular with the benthic 
diatom, B. paxillifera, which was reported in higher abundances in the shallow sediment 
samples prior to dam infilling and decreases as the reservoir fills. Sediment cores collected 
need to capture pre reservoir sediments (reflected by presence of benthic taxa), to ensure 
an estimate of reservoir sedimentation can be produced without needing to rely solely on 
traditional dating methods such as 210Pb and 137Cs which can be expensive. The use of 
diatoms in sediment cores will reduce the number of samples that need to be dated with 
210Pb by identifying key events such as initial reservoir infilling (benthic diatoms) and large 
inflow events (reduced diatom counts). Cost effective estimates of reservoir sedimentation 
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 will be a valuable tool to water managers as it also provides an estimation of the reduction 
in water storage capacity of individual reservoirs. The increase in sedimentation linked to 
large inflow events will require water managers to develop strategies to deal with reduced 
storage capacity in reservoirs, which may include building more dams, effectively using 
scour valves in the dam walls, or dredging the deposited sediments.  
6.5 Future research 
The population of SEQ is the fastest growing area in Queensland and one of the fastest 
growing regions in Australia. This increase in the population of SEQ will place greater 
demand on reservoirs as a source of drinking water. In the future, the climate in SEQ is 
expected to undergo more severe events, resulting in a reduction in water quality in 
drinking water reservoirs. The Intergovernmental Panel on Climate Change (IPCC) 2014 
report (IPCC 2014) found in all scenarios on the east coast of Australia there is high 
confidence in increasing extreme rainfall events, resulting in increasing frequency and 
intensity of flood events. These increases in flood events are likely to increase the 
frequency of high turbidity events within reservoirs and consequently sedimentation. This 
thesis highlights the increase in sediment deposition that is linked to large turbid inflow 
events. Increases in high turbidity in reservoirs increases treatment costs, reduces storage 
capacity. 
 
An increase in frequency and intensity of flood events will result in an increase in turbidity 
issues for drinking water treatment plants. Two orders of magnitude increase in turbidity 
was seen in Wivenhoe Dam following the 2011 extreme inflow event and took months to 
settle out of the water column. The increased turbidity in the water column from this 
extreme event increased the rate of sedimentation in the reservoir for this period of time, 
further decreasing the storage capacity for water. The intensity of drought conditions is 
also predicted to increase, which will increase pressure on reservoirs as sources of 
drinking water as the volume reduces. An increase in the length of droughts may increase 
the frequency and severity of cyanobacteria blooms in the reservoirs (O’Neil et al. 2012). 
The amount of usable water in the reservoir will be reduced due to the bloom, as the 
portion of the water column containing the cyanobacteria bloom is more costly to treat and 
generally avoided unless absolutely necessary. Extended periods of drought, higher 
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 rainfall events and an increasing population will combine to negatively affect the surface 
water quality of reservoirs. 
 
With the forecast change in the climate there is a need to develop indicators to determine 
how reservoirs are tracking over time. In the future, it is likely reservoirs will experience an 
increase in vulnerability to poor water quality. Diatoms will be able to provide a robust and 
cost effective indicator of conductivity, TP and rates of sedimentation. Future research on 
clarifying a method to identify flood events within sediment cores collected from reservoirs 
would greatly aid the development of diatoms as a water quality indicator. If the section of 
core influenced by inflow can be identified and removed a better record of the overlying 
water column can be established for the purposes of inferring historical trends. The 
quantification of the sections of sediment cores that reflect inflow events will also provide 
valuable information on the rates of sedimentation within reservoirs. The use of diatoms in 
sediment cores for sedimentation rate estimation will support traditional dating methods, 
by identifying pre reservoir sediments, and location of large inflow events within the cores. 
Sediment cores should be collected from the remaining reservoirs in SEQ to estimate 
sedimentation rates. Diatom based sedimentation estimates could be used to prioritise 
reservoirs for further studies.  
 
This study created the first regional diatom transfer function for conductivity and TP in 
subtropical Australian reservoirs. This study has greatly added to knowledge on diatoms in 
subtropical reservoirs and provided a solid foundation for further work on diatoms in 
reservoir environments. A comprehensive list of diatom taxa identified in the region 
(Appendix 1) and corresponding micrographs (Appendix 2) has been complied as part of 
this study. This is a valuable resource for future diatom research in SEQ. In the future 
diatom research should be expanded into other reservoirs in the subtropical region of 
Australia and further north into tropical North Queensland. The use of sediment diatoms is 
a valuable tool for water managers and researchers to gain insights into the functioning of 
reservoirs and has been proven to be an effective bioindicators in subtropical reservoirs. 
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 Appendix 1. List of diatom taxa over 1% relative abundance at one site or more and taxa less than 1% relative abundance 
observed in two or more reservoirs from chapters 2 - 5. 
Where two numbers are listed for a species this indicates that there two valves that differ in appearance for the same diatom, e.g. monoraphid or internal chambers 
that can be observed with light microscopy.  X - observed, -  not observed. BAR – Baroon Pocket, BOR – Borumba, COO – Cooloolabin, EWE – Ewen Maddock, 
HIN – Hinze, KUR – Kurwongbah, LHD – Leslie Harrison Dam, LND – Little Nerang Dam, MAC – Lake Macdonald, MAN- Manchester, MAR – Maroon, MOO – 
Moogerah, NPD – North Pine Dam, SOM – Somerset, WIV – Wivenhoe, WYR – Wyaralong. 
Picture 
Number in 
Appendix 3 Species name and Authority 
B
A
R 
B
O
R 
C
O
O 
E
W
E 
H   
I  
N 
K
U
R 
M
A
C 
M
A
N 
L 
H
D 
L 
N
D 
M
A
R 
M
O
O 
N
P
D 
S
O
M 
W
 I  
V 
W
Y
R 
1 Achnanthes cf inflata (Kützing) Grunow - - - - - - - X - X - - - - - - 
2 Achnanthes chlidanos M.H.Hohn & Hellerman - - - - - - - - X X - - - - - - 
3 Achnanthes exigua Grunow X - - - - X - - - - - - X - - - 
4 Achnanthes inflata (Kützing) Grunow - - - - - - - X - X - - - - - - 
5 Achnanthes lanceolata (Brébisson ex Kützing) Grunow - - - - X - - - - - - - - - - - 
6 Achnanthes minutissima var. minutissima  - - - - - - - - - - - - X - X - 
7,8 Achnanthes oblongella Østrup X X - - - - X X X X X - X X - - 
9 Achnanthes pusilla Grunow - - - - - - - - - - - - - - X - 
10 Achnanthes rupestoides Hohn - - - - - - - X - - - - - - - - 
11 Achnanthidium catenatum (Bily & Marvan) Lange-Bertalot X X - - X X - X - X - - X X X - 
12,13 Achnanthidium eutrophilum (Lange-Bertalot) Lange-Bertalot X - - - - - - X - X - - - - - - 
14 Achnanthidium minutissimum (Kützing) Czarnecki X X X X X X X X X X X X X X X X 
15 Achnanthidium subatomus (Hustedt) Lange-Bertalot - - - - - - - X X X - X X - - - 
16 Actinocyclus normanii (Gregory) Hustedt - - - - X - - - - X X X - X X X 
17 Amphora libyca Ehrenberg - - - - - - - - - - X - - X - X 
18 Amphora sp C.G.Ehrenberg ex F.T.Kützing - - - - - - - - - - - - - - - X 
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19 Aneumastus stroesei (Østrup) D.G.Mann - - - - - - - - - - - X X - - - 
20 Anomoeoneis sphaerophora E.Pfitzer - X - - - - - - - - - - - - - X 
21 Asterionella formosa Hassall - - - - X - X - - X - - - - - - 
22 Aulacoseira ambigua (Grunow) Simonsen X X X X X X X X X X X X X X X X 
23 Aulacoseira distans (Ehrenberg) Simonsen - - - - X - - - X - - X - X - - 
24 Aulacoseira granulata (Ehrenberg) Simonsen X X X X X X X X X X X X X X X X 
25 Aulacoseira italica (Ehrenberg) Simonsen X - - - - - - X - - - - - X - - 
26 Aulacoseira pusilla (F.Meister) A.Tuji & A.Houk X - - X X X X X X - X X X X X - 
27 Aulacoseira sp Thwaites - - - - - - - - - - - - - - - X 
28 Bacillaria paxillifera (O.F.Müller) T.Marsson X X - - - X - X X - X X X X X X 
29 Brachysira styriaca (Grunow) R.Ross - X X X X - X X X X - - X - - - 
30 Caloneis bacillum (Grunow) Cleve - - X - - - - - - - - - X X - X 
31 Caloneis gjeddeana Foged - - - - - - - - - - - - - X X - 
32 
Cavinula cocconeiformis (Gregory ex Greville) D.G.Mann & 
A.J.Stickle - X - - X - - - - - X X - X - X 
33 Cocconeis placentula Ehrenberg X X - - X X X X - X X X X X X X 
34 Craticula perrotettii  Grunow - X X X - X - - - - - - - - - X 
35 Craticula sp Grunow  - - - - - - - - - - X - X - - 
 36 Craticula sp Grunow - - X X - - X X - - - - X - - - 
37 Cyclostephanos sp Round - - - - - - - - X - - - - X X - 
38 Cyclotella meneghiniana Kützing X X - X X X X X X X X X X X X X 
39 Cyclotella ocellata Pantocsek - - - - - - - - X X - X X X X X 
40 Cyclotella striata var ambigua Grunow - - - - - - - - - - X - - - X - 
41 Cyclotella sp (Kützing) Brébisson - X X X X X X X X X - X X X X - 
42 Cymbella aspera (Ehrenberg) Cleve - X - - - - - - - - X - - - - - 
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43 Cymbella cf helvetica Kützing X - - - - - - X - - - - - - - X 
44 Cymbella tumida (Brébisson) van Heurck X X - - X - - - - X - - - - - X 
45 Cymbopleura sp (Krammer) Krammer - - - - X - - X - - X X X - - - 
46 Denticula parva Hustedt - - - - - - - - X - - - - - - X 
47 Diadesmis confervacea Kützing X - - - X X X X - - X X X X X X 
48 Diatoma tenuis C.Agardh - - - X - - - - - - - - - X - - 
49 Diatoma sp Bory - - - - - - - - X - - - - - - - 
50 Diploneis parma Cleve - X - - - - - - - - - - X X X X 
51 Discostella stelligera (Cleve & Grunow) Houk & Klee X X X X X X X X X X X X X X X X 
52 Discostella sp1 V.Houk & R.Klee - X X X X X X X X X X X X X X - 
53 Encyonema elginense (Krammer) D.G.Mann - X - - X - - X X X X - X - X - 
54 Encyonema muelleri (Hustedt) D.G.Mann - - X X X - X X X - X - - - - X 
55 Encyonema silesiacum (Bleisch) D.G.Mann X X X - X X X X X X X - X - - X 
56 Encyonema Kützing - X X X - - X - X X - - - - - - 
57 Epithemia adnata (Kützing) Brébisson - X - - X - - X - - X - X - X - 
58 Epithemia sorex Kützing - X - - - - - X - - X X X - - X 
59 Eunotia bilunaris (Ehrenberg) Schaarschmidt - - X X X X X X X X - X X - - - 
60 Eunotia cf boomsma P.C.Furey, R.L.Lowe & J.R.Johansen - - X - - - X - X X - - - - - - 
61 Eunotia cf montuosa P.C.Furey, R.L.Lowe & J.R.Johansen - - - - - X X X X - - - - - - - 
62 Eunotia exigua (Brébisson ex Kützing) Rabenhorst - - X - - - - - - X - - - - - - 
63 Eunotia flexuosa (Brébisson ex Kützing) Kützing - - - - - - - X - - - - - - - - 
64 Eunotia formica Ehrenberg X - - - - X - - - - - - - - - - 
65 Eunotia minor (Kützing) Grunow X - X X X X X X X X - - X X X - 
66 Eunotia paratridentula Lange-Bertalot & Kulikovskiy - - X - - - - - - - - - - - - - 
67 Eunotia sp Ehrenberg - - X X - - - - X - - - X - - - 
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68 Eunotia sp Ehrenberg - - X - - - - - X - - - - - - - 
69 Fallacia sp Stickle & D.G.Mann - X X X - - - - - - - - - - - - 
71 Fragilaria sp Lyngbye X - - - X - - - - - - - X - - - 
72 Fragilaria sp Lyngbye - - - - - - - - X - X - - - - - 
70 Fragilaria construens (Ehrenberg) Grunow X - - - - - - X - - - - - - - - 
73 Frustulia quadrisinuata Lange-Bertalot X - X X - - - - - - - - - - - - 
74 Frustulia rhomboides (Ehrenberg) De Toni - - X X - - - - X X - - - - - - 
75 Frustulia vulgaris (Thwaites) De Toni X - - - - - - - - - - - - - - X 
76 Gomphonema acuminatum Ehrenberg - X - - - - - X X X X - X X - - 
77 Gomphonema affine Kützing - - X X X - X X X - X - X - X X 
78 Gomphonema angustum C.Agardh X X - X X X X - X X X X X - - X 
79 Gomphonema clavatulum E.Reichardt - X - X X X - X X X X - X X - - 
80 Gomphonema intricatum Kützing - X - - - - - - - - - - - - - X 
81 Gomphonema lanceolatum Ehrenberg - - - X X X X - - X - - - - - - 
82 Gomphonema lanceolatum f. turris Hustedt X - - - - - - - - - - - - - - X 
83 Gomphonema parvulum Kützing X X X - X X X X X X X X X X X X 
84 Gomphonema pumilum (Grunow) E.Reichardt & Lange-Bertalot - - - - - X - - - - - - - - - - 
85 Gomphonema truncatum Ehrenberg - X - - X - - X - X X X - X - X 
86 Gyrosigma acuminatum (Kützing) Rabenhorst X X X X X X - X X X X - X X X X 
87 Gyrosigma attenuatum (Kützing) Rabenhorst X X - - - - X - X - X - - - X - 
88 Gyrosigma kuetzingii (Grunow) Cleve - - - - X - - - - - - - - - X - 
89 Halamphora coffeaeformis (C.Agardh) Levkov - - - - X - - X - - - - X X X X 
90 Halamphora veneta (Kützing) Levkov X - - X - - - - X - X - - - X - 
91 Hantzschia amphioxys (Ehrenberg) Grunow - X X X X - X X - - X X X - X X 
92 Hippodonta capitata (Ehrenberg) Lange-Bertalot, Metzeltin & X - - - - X - - - - X - X - - - 
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Witkowski 
93 
Humidophila contenta (Grunow) Lowe, Kociolek, J.R.Johansen, 
Van de Vijver, Lange-Bertalot & Kopalová X X - X X - X X - X X X X X - X 
94 Karayevia clevei (Grunow) Round & Bukhtiyarova - - - - - - - - - - X - - - X X 
95 Kobayasiella sp H.Lange-Bertalot - - X - - - - - X - - - - - - - 
96 Kobayasiella sp H.Lange-Bertalot X - - - X - - - - X X - - - - - 
97 Luticola goeppertiana (Bleisch) D.G.Mann - X - - X X - X X X X X X X X - 
98 Luticola mutica (Kützing) D.G.Mann X X X X X - X X X X X X X X - X 
99 Luticola sp D.G.Mann - - - - - X X - - - - X X X - - 
100 Luticola sp D.G.Mann - - - - X - - - - - - - - - - X 
101,102 Mastogloia elliptica (C.Agardh) Cleve X X - - - - - X - - X - - - X X 
103 Melosira lineata (Dillwyn) C.Agardh - - - - - - - X - - - - X - - - 
104 Melosira varians C.Agardh X - - - - - - X - X X - X - - X 
105 Navicula cryptocephala Kützing X X X - X X X - X X X X X X X X 
106 Navicula digitoconvergens Lange-Bertalot - - - - X - - - - X - - - - X - 
107 Navicula erifuga Lange-Bertalot X - X - X - - - X - X - X - - X 
108 Navicula gregarica Donkin X - - - - - - - X X X X X - X - 
109 Navicula radiosa Kützing X X X X X X X X X X X X X X X - 
110 Navicula schroeteri Meister - - - - - - - - - - - X - - - X 
111 Navicula trivialis Lange-Bertalot X X X X X X X X X X X X X X X X 
112 Navicula veneta Kützing - - - - X - - - - - - - X X - - 
113 Navicula viridula (Kützing) Ehrenberg X X - - - X X X - - - X - X - X 
114 Navicula sp Bory - - X X - - - X X X - X - X X - 
115 Navicula sp Bory - X X X - - - - X - - - X - - - 
116 Navicula sp Bory - - - - - - - - - - - X - X X - 
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117 Navicula sp Bory - - - - - X - - - - - - - X - X 
118 Neidium ampliatum (Ehrenberg) Krammer - - - - - X - - - - - - - - - X 
119 Neidium productum (W.Smith) Cleve - - X X - - - - - - - - - - - - 
120 Nitzschia acula (Kützing) Hantzsch - X - - - - - - X X X - - - X - 
121 Nitzschia amphibia Grunow - X X - X X - X X - X X X - - X 
122 Nitzschia capitellata Hustedt - - - - - - - - X - - - - - - - 
123 Nitzschia cf hantzschiana Rabenhorst - - - - - X - - X - - - - - - - 
124 Nitzschia clausii Hantzsch - - - - - - - - - - - - - - - X 
125 Nitzschia dubia W.Smith - - - - - - - - X X X - - - X - 
126 Nitzschia filiformis (W.Smith) Hustedt X X - - - X - - X X - X - X X X 
127 Nitzschia frustulum (Kützing) Grunow X X - - - - - - X X - - X X X X 
128 Nitzschia gracilis Hantzsch X X X X X X X X X X X X X X X X 
129 Nitzschia incerta (Grunow) M.Peragallo - - - - - - - - - - - - - - - X 
130 Nitzschia linearis var. subtilis (Grunow) Hustedt - - - X - - X - X - X - - - - - 
131 Nitzschia palea (Kützing) W.Smith X X X - X X - X - - - X X X X X 
132 Nitzschia sigmoidea (Nitzsch) W.Smith X - - - - - - - X X - X - - - - 
133 Nitzschia subacicularis Hustedt X X - X - - - - X X X X X X X X 
134 Nitzschia tubicola Grunow X - - - X X - X X X X - X X - X 
135 Nitzschia valdecostata Lange-Bertalot & Simonsen X - - - X X - - X X - X X - X - 
136 Nitzschia sp Hassall - - - - - - - - - - X - - - - - 
137 Nitzschia sp Hassall - - - - - - - - - - - X - - - X 
138 Nitzschia sp Hassall - - - - - - - - - - - - - - - X 
139 Nitzschia sp 1 Hassall X X X X X X X - - X X X X X X - 
140 Nitzschia sp1 Hassall - - - - - - - - - - - - - - - X 
141 Pinnularia acutobrebissonii Kulikovskiy, Lange-Bertalot & - X X X X - X - - - - - - - - - 
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Metzeltin 
142 Pinnularia borealis Ehrenberg - - X X - X X - - - X - - - - X 
143 Pinnularia braunii (Grunow) Cleve X X X X - X X X - X X X X X X X 
144 Pinnularia rhenohassiaca K.Krammer & Lange-Bertalot - - - X - - - X - X - - - - - - 
145 Pinnularia sp Ehrenberg X - X X - X - - - X - - - - - - 
146 Placoneis elginensis (Gregory) E.J.Cox X X - - - X X X X X X - X X X X 
147,148 
Planothidium biporomum (M.H.Hohn & Hellerman) Lange-
Bertalot - X - - - - - X - - X - - - - - 
149 Planothidium frequentissimum (Lange-Bertalot) Lange-Bertalot X X - - - - - X - - X - X - X - 
150 Planothidium lanceolatum (Brébisson ex Kützing) Bukhtiyarova X - - - X - - X - - X - - X - - 
151 Planothidium rostratum (Østrup) Lange-Bertalot X - - - X - X X - X X X X X X X 
152 Pseudofallacia tenera (Hustedt) Liu, Kociolek & Wang - X - - - X - - - - - - X - - X 
153 Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot X - - - - - - - X X X X - - - - 
154 Rhopalodia brebissonii Krammer - - - - - X - X - X X - - - X X 
155 Rhopalodia gibba (Ehrenberg) Otto Müller X X - - - X - X X - X X - - - X 
156 Rhopalodia gibberula (Ehrenberg) Otto Müller - - - - - - - - - X - - X - - - 
157 Sellaphora pupula (Kützing) Mereschkovsky X X X X X X X X X X X X X X - X 
158 Sellaphora seminulum (Grunow) D.G.Mann X X - - X - X X - X - - X X X - 
159 Stauroneis anceps Ehrenberg X - - - - - X X - - X - - - - - 
160 Stauroneis gracilior E.Reichardt - - X X - - - - - - - - - - - - 
161 Stenopterobia curvula (W.Smith) Krammer - - X X X - - - - X - - - - - - 
162 Stephanodiscus minutulus (Kützing) Cleve & Möller - - - - - - - - - - - - - - X - 
163 Stephanodiscus sp Ehrenberg - X - - - - X - - - - X - X X X 
164 Surirella minuta Brébisson X X - - - - - - - X - - - - - - 
165 Surirella visurgis Hustedt - - - X - - - - - - X - - - - - 
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166 Tabellaria flocculosa (Roth) Kützing - - - - - - - X - X - - - - - - 
167 Thalassiosira visurgis Hustedt - - - - - - X - - - - - - - - - 
168 Thalassiosira sp Cleve - - - - - X - - - - - - X - - - 
169 Tryblionella aerophila (Hustedt) D.G.Mann - - - - - - - - - - - - - - - X 
170 Tryblionella coarctata (Grunow) D.G.Mann - - - - X - - - X - X - - - X - 
171 Tryblionella hungarica (Grunow) Frenguelli - - - - X - X - - - - - - - X X 
172 Tryblionella levidensis W.Smith - - - - X X - - X - X - X X X - 
173 Ulnaria acus (Kützing) M.Aboal X X X X X X X X X X X X X X X X 
174 Ulnaria ungeriana (Grunow) P.Compère X - - - - - - X - - - - - - - - 
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 Appendix 2. Micrographs of diatom species listed in Appendix 1. 
Diatom species under light microscopy taken with differential inference contrast, at the 
same magnification (1000x). Scale bar represents 10 µm. Numbers correspond to species 
names in Appendix 1.  
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